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ABSTRACT
The work described herein represents an a-tfempt to better under­
stand the temporal and spatial variations of auroral radiowave absorption. 
In the first part of this dissertation, the results of an experiment 
which correlated the variations of auroral light intensity with those 
in auroral absorption is described. These measurements were carried out
over a small angular cone which intercepted an area of less than 400
2 .
km at auroral heights. The spatial coherence of auroral absorption
and auroral luminosity was examined, as was the correlation of absorption 
with auroral emission at several wavelengths. It was concluded that the 
spatial region in which radiowave absorption occurs is of larger dimensions 
than the visual emitting region. From a large statistical sample, it 
was demonstrated that absorption correlates best with 4278A auroral 
luminosity and that the correlation is better during substorm occurrences. 
The temporal correlation of absorption and luminosity during substorms 
was illustrated by several examples.
In the second part, a synoptic study of the geographical distribu­
tion of auroral absorption during 5 IQSY substorms was undertaken. A 
cooperative study provided radiowave absorption data from more than 2 0  
observatories in the Northern Hemisphere for this purpose. It was shown 
that absorption spreads longitudinally from a source located in the 
midnight sector. The westward expansion of absorption along the auroral 
oval was documented for the first time. The eastward drift was studied 
in detail; a differential drift rate with latitude was found, which was 
also asymmetric with respect to the dawn meridian. The observed drift
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rate of precipitation was found to be in agreement with the theoretical 
calculation of the gradient and curvature drift velocities of energetic 
electrons in the trapping region. A model of the auroral absorption 
substorm is proposed.
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PREFACE
Of the instrumentation to evolve as a result of the intensive 
study of the aurora during the IGY, the riometer was perhaps the most 
elegant. Conceptually simple in design and operation, this instrument 
can be operated unattended for weeks at a time, yet still provide a 
continuous measurement of the absorption suffered by a radiowave 
traversing the ionosphere. Previously, such information could only 
be obtained from ionospheric soundings, and then only during moderately 
disturbed periods.
Four distinct categories of absorption phenomena have been 
recognized: Sudden Cosmic Noise Absorption (SCNA); Sudden Commencement
Absorption (SCA); Polar Cap Absorption (PCA); and Auroral Absorption 
(AA). Whereas SCNA and SCA are infrequent shorf-lived events 
associated with either solar flares or sudden commencements, PCA 
can continue for several days, depending on the intensify of the 
associated solar proton event. PCA is also characterized by a lack 
of temporal variation and intense (n^ 10—30 db) absorption. On 
the other hand, AA is characterized by the complexity of the temporal 
variation of the absorption. AA is often defined as that absorption 
which is not SCNA, SCA, or PCA.
Perhaps the least understood of the four types of absorption 
phenomena is AA, although the subject has been discussed extensively 
•in the literature (e.g. see review articles by Brown, 1966; Hultqvist, 
1966; and Hargreaves, 1969). Recent emphasis in AA studies has been 
placed on the understanding of the temporal variation of absorption
• 1
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in terms of the auroral substorm (Akasofu, 1964). In Part I of 
this thesis, the detailed relationship of auroral absorption and 
luminosity during a substorm will be examined using photometric, 
photographic and television techniques. In Part II, we will derive 
from the geographical distribution of auroral absorption over the 
northern hemisphere a moaei of what shall be termed the auroral 
absorption substorm (AAS). The data for the analysis of the AAS 
have been madea.'/ai lable by the ESRO Working Group on auroral absorption 
substorrns, a consortium of research groups from several countries.
• ' 2 .
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PART I
A STUDY OF THE SPATIAL AND TEMPORAL CORRELATION OF AURORAL 
ABSORPTION AND LUMINOSITY DURING SUBSTORMS
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CHAPTER I 
i NTRODUCTI ON
I.I Historical Review
The anomalous absorption of- radio waves in the high latitude 
auroral ionosphere was first observed by Appleton et al (1933) during 
the Second International Polar Year. From vertical incidence soundings 
Appleton, Naismith, and Ingram (1937) reported that "a ’no-echo' 
condition was found to accompany magnetic storms and auroral displays 
at Tromsj3, Norway." They concluded that "it is therefore most probable 
that the effect (of the no-echo condition) is then one of absorption- 
limi f-ation, the ionizing agency causing the storm being such as to 
produce ionization at levels below that at which the normal ionization 
due to ultraviolet light exists."
Harang (1946) was the first to associate radiowave absorption with 
a specific auroral type; he observed complete absorption during pul sati 
auroras and attributed the absorption to the lower height (80-95 km) 
of the "pulsating surfaces". This relationship was investigated more 
fully by Heppner, Byrne, and Belon (1952.) with observations made at 
College. They found that 72 percent of their ionograms showed 
complete absorption during pulsating forms of aurora while only 17 
percent showed complete absorption during non-pulsating aurora and 
13 percent during no-aurora conditions. A similar result was 
obtained by Major (1954) at Macquarie Island; he found that 62 percent 
of his ionogram traces recorded during pulsating or flaming auroras 
showed complete absorption.
3
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4Although the vertical incidence sounder technique established a 
qualitative relationship between the aurora and the absorption of ' 
radiowaves, no quantitative relationship was derived until after the 
application of the cosmic radio noise technique (Dicke, 1946; Machin, 
Ryle, and Vonberg, 1952) to high latitude radiowave absorption studies 
(Little, 1954). The riometer (Relative Ionospheric Opacity Meter) is 
a narrow bandwidth radio astronomy receiver which utilizes the 
natural background emission of electromagnetic radiation by the 
galaxy as a stable transmilter whose diurnal variation can be 
accurately determined. Increases in the ionization of the 0 -region 
and hence in the absorption of the galactic radiowave noise, lead 
to a decrease of the received noise at the riometer. This decrease 
of noise can be expressed in decibels of ionospheric absorption 
relative to the undisturbed level (Little and Leinbach, 1959).
The antenna system most commonly employed with a riometer is a 
three element Yagi (Uda and Mushiake, 1954) directed either toward 
the zenith or toward the pole star. In the latter case, the diurnal 
variation can be removed from the cosmic noise signal. The main lobe 
of the Yagi antenna subtends an elliptical area of roughly 110 by 
240 ki lometers when projected onto the ionosphere at the 100 ki Icmeter 
level. While the east-west extent of auroral arcs is generally on 
the order of hundreds of kilometers, the north-south dimension may be 
only a few hundred meters (Maggs and Davis, 1968). Thus, an auroral 
form may fill only a small fraction of the Yagi antenna pattern 
thereby complicating quantitative studies between the aurora and
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' Table I
A Summary of Correlated Studies of Auroral Absorption and Luminosity
Reference
Frequency
(KHz)
Antenna
Optical Half-Power Photometer Antenna
Wavelength Beamwidth Field of Sidelobe Antenna 
(A) N-S E-W View Level Type
Photometer 
Calibration
Corrected 
Geomagnetic 
of Latitude Other 
Observation Detectors
Little 4 Leinbach 
( 1958)
30.5 15° 60°
Holt 4 Omholt <1962) 27.6
Graf (I960) 
Kavadas (1961)
Johansen (1965) 
Ansari (1965)*
30
27.6
36
5577
n o n e
5577
5577
30°
6.5°
30°
10°
30°
72°
30°
12°
vi suaI 
observations
5°
6°
not given
not given 
6 db
not civen 
4-6 db
8 ful1 wave 
dipole array
single Vagi
16 element 
dipole array
s i ngle Yag i
4x4 Yagi array
re I at i ve
absoIute
reference to 
dark current
64.9°
•>-66. I 
61.5
6 6 . 1 
64.9
Standard riometer system
All-sky camera
AI I-sky camera
All-sky camera 
Kaonetomeler
Father 4 Jacka 
( 1966)
Berkey (1968)
Gustafsson (1969)
Reid (I970)3 
Berkey *
27.6
36
27.6
32
36
5577
4861
4278
4861
5577
5577 
6300 
4861 
4 709
4059
4278
5577
5294
27° 46°
7° 8°
23° 13 db 4x2 dipole array absolute
30°AZ 25°EL 10°
45° 3°
7°
13-14 db 6x8 Yagi array absolute
12.6 db 2x3 Yagi array absolute ?
9 db 28 full wave 
dipole array
13-14 db 6x8 Yagi array absolute
-70.3
64.9
64.3
-64.6
54.9
AI I-sky camera 
Kaonetonetor
77KHz Riometer/Ionosonde
AI I-sky camera 
Magnetometer
Standard riometer system 
AI I-sky camera
AI I-sky camera 
Magnetometer 
TV System
These experiments used electrically phased arrays to change the main lobe direction
2
Antenna mounted on rotating boom
Two beams 4° east and west of zenith simultaneously monitored
O7 8
6auroral radiowave absorption. This complication led quite naturally 
to the construction of largo aperture antenna arrays having main ' 
lobe beamwidths of only a few degrees; the research groups involved in 
such studies are listed in Table I.
1.2 Review of Previous Results
At College, Little and Leinbach (1958) compared the absorption 
measured by an array with a beamwidth of 15° by 60° to that measured 
by a three element Yagi antenna. On the basis of the equality of the 
absorption as recorded by the two antenna systems, they concluded 
that "isolated regions of absorption having dimensions of the order 
50-150 kilometers did not occur overhead during the period of 
observat i on."
Using a 16 element phased array, Graf (I960) was able to 
monitor the absorption in different directions. He alternately 
switched his 6.5° by 72° main lobe between a position 3° north of 
the zenith and 3° south of the zenith. As a result of the high 
degree of correlation of absorption in the two directions (0.94), 
he inferred that the north-south extent of the absorbing region 
exceeded 80 kilometers. He found no relation between auroral 
absorption and intensity of aurora; in fact he reported several 
cases in which absorption occurred without visual auroral forms being 
in the field of view of the antenna pattern. Based on these 
observations, he suggested that "absorption took place at a height 
which was appreciably less than the height at which aurora occurred."
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7Ansari (1963, 1964) conducted the first experiment correlating 
auroral luminosity and absorption over a spatially limited field of 
view (10° by 12°). Although his measurements were contaminated by 
large sidelobe contributions to the cosmic noise signal, he identified 
two characteristic phases of the auroral storm. He defined category 
I events, occurring between 2 0^ and 02*1 local time, as those in which 
the absorption was "limited to luminous regions of the sky." He 
found a high degree of correlation between the fluctuations of 
absorption and luminosity during this time, although no statistical 
relations were given. During category 2 events (after 02 LT), he 
observed that the ratio of absorption to luminosity had increased by 
a factor of 10 to 100 relative to category I events, although again 
no numerical or statistical relations were derived. Ansari calculated theo­
retically tne absorption produced by electrons having a range of 
energies; from these calculations, he postulated that category I 
events were produced by electrons of energy less than 2 0 kev, while 
category 2 events were due to electrons with energies from 30-100 kev.
No attempt was made to explain how the absorption occurring at 70-90 
kilometers resulted from the precipitation of 20 kev electrons. It 
should also be noted that on the basis of a single example, Ansari 
(1963) concluded that "pulsating aurora luminosity was not associated 
with any significant increase in absorption."
The resuHs of Eather and Jacka (1966) observing at Mawson Base 
(70.3°S CGM) but using an array with a larger field of view (27° by 
46°) essentially confirmed the observations of Ansari. They concluded
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8that "in the breakup and prebreakup phases of auroral activity, absorption 
takes place only in the region of the sky of the aurora." They 
observed no cases in which absorption occurred without aurora (as 
determined by photometer recordings) in the field of view of the 
riometer antenna. They also found that the ratio of absorption to 
luminosity increased by a factor of 100 during the post-breakup phase, 
but provided no examples of such a large increase of this ratio.
They derived a correlation coefficient of 0.58 between the absorption 
and the square root of 5577A luminosity during breakup events and 
a correlation of 0.31 during the postbreakup phase when the 
absorption was slowly varying.
At Kiruna (54.7°N CGI-1), Gustafsson (1969) used a Yagi array 
mounted on a rotating boom (I revolution per 2 . 6  minutes) to investigate 
the ratio of absorption to the square root of 5577A luminosity. He 
observed a hardening of the electron spectrum (inferred from the 
ratio A(d8 )//l557 )^ between I 5h and 05h LT which he interpreted in 
terms of the location of Kiruna with respect to the precipitation 
pattern of soft and hard electrons as observed by satellite. There 
was, however, no determination of the ratio as a function of antenna 
azimuth which would support his interpretation.
Johansen (1965) determined the ratio of absorption (as measured 
using a Yagi antenna) to the 5577A luminosity from a 5° field of view. 
Although the experimental technique restricted his observations to 
"cases when most of the sky was covered fairly homogeneously by aurora" 
he inferred a hardening of the electron spectra between 2 0^ and 0 I*1 
local time (MET). ’ ■ ' •
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1.3 Purpose of the Observational Program
The observations of auroral absorption and auroral luminosity 
to be discussed in this thesis are unique in that the viewed volume 
is of small angular dimension ('k3.1>0 half-angle). The spatial 
coincidence allows for a detailed correlation between absorption
O
and luminosity occurring whhin a small area (^380 km^) of the 
auroral ionosphere. In the chapters that follow, auroral substorrns 
which occurred on more than 40 nights during the winter of 1966-67 
will be studied in detail. The results from observations made the 
previous winter (Berkey, 1968) will be referred to where they are 
pertinent and complement the present work. Using the collection of 
data resulting from these observations, the following problems will 
be considered:
(a) the spatial extent of ihe region in which absorption occurs 
relative to the region of auroral emission;
(b) the correlation of auroral absorption with various emission 
lines of the auroral spectrum;
(c) the quantitative relation of absorption to auroral luminosity
(d) the assumption of quasi-equilibrium in the auroral ionosphere
(e) the diurnal variation of the precipitated electron spectrum
as determined by the ratio A(db)//l(kR);
(f) the spectral variations during the auroral substorm;
(g) the qualitative relation of absorption to luminosity during 
various phases of the auroral substorm;
(h) the qualitative relation of absorption and luminosity during 
the polar magnetic substorm.
w ith perm ission o f the copyright ow ner. F u rth e r reproduction prohibited w ithout perm ission .
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An extensive amount of statistical analysis was done with the 
" available data; such analysis provided a basis upon which inferences 
relative to problems (a) - (e) were drawn. The graphical display 
of the data in combination with all-sky camera arid television data 
provided information toward a better understanding of those problems 
Iisted in (f) - (h) .
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CHAPTER 2
INSTRUMENTATION AND DATA PROCESSING ’
' 2.1 Physical’ Description of Array
The large aperture antenna array used in this experiment was 
designed by Ansari C1965) and consists of 48 three-element Yagi 
' antennas arranged in a 6 by 8 configuration. The array was designed
so that the main lobe could be switched between two direclic- in 
the meridian plane by electrically inserting various lengths 
coaxial cable. The half-power beainwidth of the main lobe is 7° in 
the E-plane and 8 ° in the H-plane; the first lobes are approximately 
13 decibels down from the main lobe peak. Additional parameters of 
the array are listed in Table II. Figure 2.1(a) illustrates the 
array pattern in the E-plane; Figure 2.1(b) shows the array pattern 
when the beam is directed 6 ° north of the zenith, and Figure 2.1(c) 
illustrates the array pattern in the H-plane.
2.1.1 Derivation of array pattern
The theoretical array patterns illustrated in Figures 2.1(a), 
2 .1(b), and 2 .1(c) were derived using the principle of pattern 
multiplication (Kraus, 1950). To analytically express the beam 
pattern of a three-element Yagi antenna, a typical Yagi pattern 
(AARL Antenna Handbook, 1968) was scaled at five degree intervals 
and approximated using a 15 term Fourier expansion. Next, the 
principle of pattern multiplication was applied; the Fourier 
expansion of the Yagi pattern was multiplied by the appropriate "array 
factor" (Kraus, 1950) to obtain the array pattern. This calculation
. 11
Y • _
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E-olane (N-S oattern)
Major lobe
Largest minor lobe
Minor lobes
TABLE I I 
ANTENNA PARAMETERS
half power beam width 
first null beam width 
fraction of power intercepted
amplitude below main lobe peak 
half power beam width 
first null beam width 
fraction of power intercepted
nulI location 
peak location 
amplitude of largest I obe
7°
16°
62 percent
13.1 dB 
4°
8°
17 percent
16°, 24.5°, 33.7°, 44c 
I I .5°, 20°, 28.5°, 38c
17.7 dB
H-plane (E-W pattern) 
Major lobe
Largest minor lobe 
Minor lobes
half power beam width 
first null beam width
amplitude below main lobe 
ha if power beam width 
first null beam width
nulI location 
peak location 
amplitude of largest lobe
peak
8 °
17.5°
12.7 dB 
4.5°
8 . 6 °
17.5°, 27°, 37.4°, 49.5° 
12.5°, 22°, 32°, 42.7°
17.1 dB
'Calculation assumed circular symmetry of E plane
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SOUTH
F i g u r e  ( 2 . l a )
IE-plane lobe configuration for 6 x 8 Yagi 
array with main beam in zenithal position.
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SOUTH
F i g u r e  ( 2 . 1 b )
E-plane lobe configuration for 6 x 8 Yagi 
array with main beam directed 6° North of 
zen ith.
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Figure (2.1c) H-plane lobe configuration for 6 x 8  Yagi 
array.
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was carried out in 0 .1° steps on a digital computer which was used 
to generate the array patterns on a CalCcmp digital increment plotter.
2.1.2 Beam efficiency
An important parameter of large aperture antenna arrays is the 
beam efficiency factor, which has been defined by Mash (1964) as
/ 0 F(e,<j>)dH
il - ---------  = I
U tj F (6 , dvl
where F(0,<ti) - normalized antenna power pattern, dft = sin0d0d<|>, =
main beam solid angle. Assuming circular symmetry of the E-plane, a 
beam efficiency factor of 0.62 was derived for the main beam of 
the Yagi array used in this investigation. The percentage of the 
total power incident on the array and intercepted by the minor lobes 
is given in Table I I .
Although this factor is often neglected in auroral absorption 
investigations utilizing large aperture arrays, it is the parameter 
which determines the upper limit to the amount of absorption which 
can be interpreted as being the contribution from the main lobe, in 
the case of the 6x8 Yagi array, total absorption occurring within the 
solid angle of the main beam would result in a recorded absorption 
of 4.2db by a riometer connected to the array. While it is unlikely 
that total or infinite absorption would occur solely with'in the solid 
angle of the main beam, the ramifications of the beam efficiency on 
the interpretation of the data are important. Absorption events whose 
magnitude exceed 4-5db imply that the spatial extent of the absorbing 
region is greater than the area intercepted by the main lobe. In
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other words, the absorbing region obscures minor iobes which are 
situated at a larger zenith angle than the main beam.
2.1.3 Discussion of small angular measurements of absorption
To emphasize the need of using an antenna beamwidth comparable 
to the spatial dimensions of the aurora, consider the following 
situation; assume that a flux of energetic electrons creates D-region 
ionization which completely absorbs the galactic radiowave emission 
and at the same time produces an IBC— I I I aurora (lOOkR). Next, assume 
that the riometer system which is monitoring this disturbance is 
connected to an antenna system the major lobe of which is completely 
filled by the aurora and which intercepts 80 percent of the total 
power incident upon the array. At this time, the riometer will record 
7db of absorption and the ratio A//I =0.7. Now, if the geometry 
of the aurora were to change such that only 50 percent of the antenna 
beam pattern and the photometer field of view (assumed equal) were 
filled by the auroral form, the photometer wi I I register 50kR intensity 
and the riometer will indicate 2.2db absorption. In this case the 
ratio A//l = 0.3, less than half of the previous value. Thus it is 
important to note that a change in the ratio A//l may result from 
either a change in auroral geometry or variations of auroral intensity 
or absorption. For small fields of view it is difficult to distinguish 
between these two causes, particularly during active aurora. However, 
utilization of as small a beamwidth as practicable is necessary to 
achieve physically meaningful results.
R ep ro d u ced  with perm ission o f the  copyright ow ner. F u rth er reproduction prohibited w ithou t perm ission.
18
2.2 Experimental Configuration 1965-1966
During the 1965-66 observing season (hereafter called season I)
two identical riometer and photometer systems were operated and the
main lobe beam position was alternately switched between the 6° north
and 6° south (of zenith) positions. During this period the 4278A,
4861 A, and 5577A auroral emission lines were monitored and the ratio
A/Zlcim derived from the observations. Auroral luminescence was 5577
detected by photometers which used IP2I photomultiplier tubes and 
logarithmic amplifiers. Filter bandwidths were nominally !0A,and 
the fi Iters were manufactured by Thin Films Corporation.
2.3 Experimental Configuration 1966-1967
The main lobe was fixed in the zenithal position (see Figure 2.2) 
beginning in September 1966 and remained in that position throughout 
the 1966-67 observing season (season II). The Second Positive band 
emission of nitrogen near 4059A and the First Negative band emission 
of oxygen at 5294A were additional features monitored during this 
phase of the study. Two 50A bandwidth filters were mounted in series 
to monitor the 4059A emission, while a single 50A bandwidth filter 
was used in monitoring the 5294A band emission. The emission of 
hydrogen at 486IA was not observed during this phase of the study.
Tube type riometers constructed during the tGY were utilized 
during the greater part of the observations. However, after March 
1967, an EMI model 123 riometer, the transistorized version of the 
IGY riometer, was used.
R ep ro d u ced  w ith perm ission o f the copyright ow ner. F u rth er reproduction prohibited w ithout perm ission .
Reproduced 
with 
permission 
of the 
copyright owner. 
Further reproduction 
prohibited 
without perm
ission.
Zo=52ft, y j  u jMX |
Z«=52ft
HvO
LU
LU
[ T m
LU
52
LU
NX
Z » = 6
L(J
NX |
J
n
[t/4]
Z»=52a |—L  Lx
NX
LU
fNX
J
LU
I NX |
LU
Pm x I
LU
N XI
dHl
Fn x I
LU
| N X
LU
[ N X
LU
DpJ
LU
N X
LU
NX
cfci [
LU
_op]
LU
u p ]
LU
J . N X J
r ^E E
d<±J
N X
LU
NX|
LU
NX
LU
N X
LU
NX
LU
NX I
J
I N  X
LUup]
LU
upi
J UfNXl
LU
N X
r r -
LU
[ nT }
d p  [xT?]
- &
-La23-
K — 9X— i
H-i
NX 1
UJ
N X
LU
JJpD
UJ
U rn
LU
N X
LL I-i
rjpi
LU
_up]
L)J
I NX |
LU
N X
LU
E m
dH1
L±J
J U ± H
ZE N ITH
FEED 52ft
.-[xTiH
F i o u r e  ( 2 . 2 ) S c h e m a tic  d iag ram  o f  6 x  8 Y ag i a r r a y  w ith  
c a b le  p h a s in g  a d ju s te d  f o r  z e n i t h a l  p o s i t ­
io n  o f  m ain  lo b e .
R E C O R D E R
ZENITH
RIOMETER
ZENITH
20
2.4 Emission Lines Monitored
Auroral emission lines or bands at 4059A, 4273A, 486IA, 5294A, 
and 5577A were monitored during the 1 wo observing seasons discussed 
in this study; the basic excitation processes are outlined below.
The 4278A emission is a First Negative band of nitrogen excited 
directly by the bombardment of energetic electrons. Similarly, 
excitation of atomic oxygen at auroral heights produces a prominent 
emission line at 5577A. Doth of these emissions are characteristic 
of the auroral spectrum and the intensity of either can, on occasion, 
reach lOOOkR.
The H emission at 4861A is excited by precipitated protons; the
intensity rarely exceeds I kilorayleigh. The (2-0) transition of the
First Negative system of 0* with band head near 5295A is a faint
emission whose absolute Intensity has not been accurately measured.
However, Shernansky (I966) has theoretically derived an intensity of
6 .8 kR for this emission during an IBC III type-B aurora. An enhancement 
+of the 0^ First Neoative group during type-B red aurora has been 
reported by Shernansky and Valiance Jones (I968) as well as others.
A second emission band, also thought- to be associated with type-3 
aurora, is the (0-3) transition of the Second Positive system of 
nitrogen at 4059A (see Figure 2.3). The origin of the Second Positive 
system is not well known,and several processes have been postulated: 
Gadsen (!961) suggested an ion-exchange process 
N* (X2 E) + 0" -> N2 (C3 tt) + 0('d) 
where the First Positive band system arises from electron impact
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Figure (2.3) Spectrogram of the near-ultraviolet region obtained with 
a 0.8A spectral slit width on 24/25 May 1955 (after 
VaI Iance-Jones, 1965).
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(Maivi lie, 1959):
+
Np + e — > + e + e
6 + °2  _>
N2 ( X 2 Z)  + 0 ~ t e )  - >  N ( B^ i r )  + 0 2 ( 3S)
However, Eftestdl and Omholt (1965) have criticized Gadsen’s process, 
pointing out that such processes must build up gradually in order to 
establish a significant positive and negative ion density. Shernansky 
(1956) suggests that the most likely excitation process is electron 
impact with the molecule in the electronic ground state. This 
process proceeds
N2 (X1))) + e -> N2 (C3h> t e 
Low (1966) suggested that X-rays may account for nitrogen excitation, 
particularly in the lower region of the aurora. Broad foot (1963) has 
pointed out that the (0-3) transition is surrounded by strong 
emissions and seems to be sitting on a considerable background.
Among spectroscopists, considerabIe controversy exists relative 
to the enhancement of the First Positive system in type-B aurora.
Hunlen (1955) reported that the red color of type-B was due to 0* IMG 
and N2 IPG in "about equal proport ions". Evans and Vallance Jones 
(1965) observed a 2-2-55% increase in the ratio N IPG/3914A during 
type-B aurora. They suggest the process _
N^fa^ir) + e — > N^ ,(E3^ tt) + e 
which would "become more effective with decreasing height and therefore 
lead to the enhancement of type-B aurora." On the other hand, a careful 
study of type-B aurora performed by Shernansky and Vallance Jones (1968)
R ep ro d u ced  with perm ission o f the  copyright ow ner. F u rth er reproduction prohibited w ithou t perm ission.
at Saskatoon led to the conclusion that the IPG was not enhanced 
in type-B aurora.
Type-B red aurora is characterized by a purplish red lower border 
(St«5rmer, 1955). Due to the active nature of this type of aurora, 
very few accurate height measurements have been made. Harang and Bauer 
(1932) reported a lower border height of less than 70 km whi le Currie 
(1955) has reported a measurement of 74 +_ 3 km. Since normal auroras 
occur in the height range 100-130 km, the occurrence of aurora at 70­
80 km would suggest that such aurora might be more closely correlated 
with auroral radio-wave absorption. The existence of such a relation­
ship will be examined in this thesis.
2.5 Data Processing Technique
The Ester Iine-Angus chart recordings, on which the original 
signals from the riometer and photometer were recorded, were scaled 
using the OSCAR scaling device. The OSCAR transferred the data to 
computer cards for input to the University IBM 360/40. During the 
periods of activity selected for study, the data were scaled at 2.5 
minute intervals (season I) or I minute intervals (season II).
A computer program was developed to provide the following 
output: (I) absolute magnitude of absorption in decibels;
(2) absolute photometer intensities in ki lorayleig'ns; (3) the ratios 
A/I, A//I, 4278/5577, 4059/4278; (4) the mean of recorded values for 
each sensor for each hour; (5) the standard deviation for each 
sensor for each hour; (6 ) the correlation coefficient for the re­
lation A/I; (7) the correlation coefficient for the relation A//I;
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(8 ) a least squares linear and power- 1 aw fit between each photometer 
' output and the absorption for each hour; (9) data storage on magnetic 
tape; (1 0) graphical output when the standard deviation of the absorption 
exceeded 0.4 db or if the standard deviation of the 4278A intensity 
for the previous hour exceeded 1.2kR. The last option insured 
graphical output only during periods of disturbance.
A second computer program was developed to analyze the magnetic 
tape recorded during the analysis phase of the project. The outputs 
from this program were as follows: (I) for a given UT hour and
emission line, the mean and standard deviation of the ratio A//|;
(2 ) for the total data sample and each emission line, the correlation 
coefficient based on the assumptions A « I and A « /l; (3) the linear 
and power-law least-squares fit between absorption and luminosity.
The program also allowed for certain conditions to be imposed on the 
data and results derived therefrom.
2.6 The Ouiet-Day Curve .
Due to frequent variations in the quiet-day level, resulting from 
changes in the resonant frequency of the antenna array, no single 
quiet-day curve was utilized throughout the study. Instead, the month 
of October 1966 was used as a reference level and a quiet-day curve 
derived by one of two methods from that level. The first method was 
to determine the level of the nearest quiet day and to adjust the 
reference quiet-day curve accordingly. The second method involved 
determining the average absorption of the first hour of the night 
under study. If the average absorption deviated more than +_ .25db
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from the reference quiet-day level, then the whole reference level was
corrected (by adding or subtracting a small value of noise current)
until the average absorption fell within these limits. Normally the
h hfirst hour of the night corresponded to some hour between 03 and 05
UT, the time at which the least amount of absorption occurs at College
(Hook, 1968). This latter method was incorporated in the computer
program and required only a few seconds of execution time.
2.7 Derivation of the Ratio A//I
A parameter which will be used extensively throughout this
study to indicate change (hardening or softening) in the spectrum of
precipitated electrons is the ratio A(db)//l(kR). Application of
this ratio is based on the premise that equilibrium is rapidly
established in the auroral ionosphere. To express this assumption
quantitatively, the term representing the rate of change of electron
density in the ionospheric continuity equation is set equal to zero:
dN /dt = 0 = a/(I+X) - aN2 e e
which becomes upon rearrangement
N = v/c/(l+X)a = v c/cl .e 1 err
where q = electron production
X = negative-ion to electron ratio
a = recombination coefficient
(l+X)a = effective recombination coefficient ,
N = electron density, e 7
Next, consider the effect of enhanced ionization upon the 
passage of a radiowave through the ionosphere; the electric field of
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the radiowave will impart a sinusoidal motion to the electrons and ions 
in the region under consideration. Such ordered motion, superimposed 
on the thermal velocities (random motion) of these particles, will be 
reradiated in toto unless the particles undergo collisions. With each
collision, some of the energy imparted to the electron or ion by the
radiowave will be lost and less energy re-radiated. In the D-region, 
much of the energy imparted to the electrons will be lost as a result 
of dense ionization and the collisions between the. resulting electrons 
and neutral particles; thus the radiowave signal will be attenuated 
due to energy absorbed from it in passing through this region. From 
this simple physical description it can be seen that radiowave 
absorption-is proportional to the free electron density and the 
collision frequency in the ionosphere.
At auroral heights, excitation of visual emission results from 
the impact of an energetic electron with a molecule. The intensity,
I, of the visual emission is proportions!' to the integral with respect 
to height of the electron production rate, q. Now, using the expression 
derived from the continuity equation for equilibrium and recalling 
that absorption is proportional to electron density we find:
A « N = /q/a ,, « /le M ef t
or A//l = c
where the constant c is a function of the electron flux parameters 
(see Ospiv et a I., 1968).
Electrons capable of ionizing atmospheric constituents in the 
D-region (50-90km) must have energies greater than about 30kev (Rees,
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1964) while less energetic (l-IOkev) are involved in the excitation 
of auroral emissions (Mcllwain, I960). Thus it can be stated with 
some certainty that the variations of the ratio A//I reflect changes 
in the spectrum of electrons precipitated into the auroral ionosphere.
This derivation and the first investigation of the behavior of 
the ratio A//I was made by Johansen (1965). Ospiv et al. (1968) 
developed the derivation in somewhat greater detail and showed that 
the ratio is less sensitive to the form of the assumed spectrum than 
to the choice of the recombination coefficient.
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CHAPTER 3 .
STATISTICAL RESULTS
3.1 Diurnal Variation of Auroral Spectrum
In Chapter 2 it was shown that the ratio A(db)//l(kR) can be
used to infer variations in the spectrum of electrons precipitated into
the auroral ionosphere. The diurnal variation of the spectrum was
obtained by deriving the mean value of the ratio A//I for each UT
hour and each of the three emission lines monitored during season II.
These results are illustrated in Figure 3.1(b), 3.1(c), and 3.1(d).
There is no essential difference between the diurnal variation
for the ratio A / / I a n d  that for A//I a broad minimum, or3577 4278
softening of the spectrum, occurs between approximately 07^ and 12^
hUT (21-02 LT); the ratio gradually increases (spectrum becomes harder) 
toward dawn and is also higher at twilight. On the other hand, the 
diurnal variation of the ratio A/'^g^g 1:1085 no+ exhibit a minimum, 
but increases gradually from dusk to dawn. It does imply, however, 
that the ratio of 4278A intensity to 4059A intensity is much less 
during aurora which occurs immediately after twilight than during 
aurora which occurs at other times during the night. The average 
absorption was derived for each UT hour and is shown in Figure 5.1(a); 
this result is not intended to be representative of the diurnal 
variation of absorption at Col lege, since only periods of disturbance 
•were analyzed.
The results presented in Figure 3.1(b) can be compared with Figure
3.2 in which the diurnal variation of the ratio A//l^.^ obtained
• 28
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Figure (3.1) Histograms shov/ing the average variation
of: (a) absorption; (b) the ratio A/✓ 11*2 7 q; 
(c) the ratio A / / I 5 5 7 7 ,  and; (d) the ratio 
A//l4 0 5 9 • This diagram is for data gathered
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Figure (3.2) Histograms shewing the average variation 
of the ratio A/v'T 5 5 7 7 and the absorption 
in the 6° North direction. The number of 
data points is also shown. This histogram 
is for data obtained during the 1965-66 
winter at College (after Berkey, 1968).
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during season i is illustrated. Although the gradual hardening of the 
spectrum toward dawn is evident in this cogram, there is no evidence 
of a softening of the spectrum before midnight as found during season
II. However, this discrepancy may be attributed to the larger amount 
of data available for analysis during season i I; less than 2 ,0 0 0  va I ues 
were used in deriving Figure 3.2, while more than 10,000 were used to 
derive Figure 3.1(b). Also, the data extended farther.into the dusk 
and dawn periods.
3.2 Derivation of Empirical Relations
Derived previously in this work was a relation between absorption
and the square root of auroral luminosity; it was demonstrated that
the ratio ACdb)//!CkR) should be a constant, the value of which is
a function of the spectral parameters of the precipitated electron
flux. Using the large collection of data arising from this study and
taking advantage of the rapid computation time of the computer, it
was possible to test the validity of this derivation. To make this
test the coefficients c and c, of the equationo I
A(db) = c I(kR) 1 (I)o
were derived by the method of least squares. If the quasi-equilibrium 
assumption invoked in deriving the relation A(db)//l(kR) = c is valid, 
then the value of the coefficient Cj should be 0.5.
Next, the coefficients of the equation
A(db) = c7 + c3/l(kR) (2)
were computed, again by the method of least squares. The coefficient 
c^ represents the experimental error inherent in the measurement of 
absorption (usually 0 .2 db).
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Table II! sets forth the numerical values of the coefficients c ,o'
Cj, and derived in the manner outlined above. It is important 
to note the constraints imposed upon the data in obtaining these values 
in some cases an attempt was made to eliminate near zero values by 
varying the lower limit of the data values.
The entire data sample, consisting of 15,880 simultaneous 
measurements of 4278A luminosity and absorption, was used in deriving 
the coefficients cq and c^  of the expression given in equation (i).
The result may be expressed: •
0 486A(db) = 0.295CI4278)u -43° 
where I is in ki lorayleighs. Once again using all available data 
points, the same coefficients for the 5577A data set were derived:
ACdb) = 0,303CI5577)-0,J>14 
The implication of this result is that the quasi-equilibrium assumption 
invoked in the derivation of the dependence of absorption on luminosity 
is more valid for 4278A data than for 5577A.
Deriving the same coefficients for the 4059A band emission, a 
larger value of the coefficient C| was found:
ACdb) = l.40(l405g)U -/:^
At 4059A, the night-sky background level was large; as an attempt to 
eliminate such values from the data sample, only those measurements of 
4059A intensity which exceeded 250 rayleigns were used to derive cq 
' and Cj:
ACdb) = 3.52CI405g)1,62
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TABLE I I I
X
c o c l c2 c3 r | r2 n A ( d 8 > 1 C k R )
4059 1 .40 .754 -  .941 3.473 .172 .451 8895 > 0 .
it 2.01 .741 -1 .  138 4 .  177 .  195 .518 6900 >  .2
ti 2.20 .715 - 1.138 4.370 .203 .538 6000 >  .3
it 3.37 1.15 - 2.716 7.070 .163 .554 2700 >  .2 > .2
n 4.56 1 .51 - 4.471 9.865 .  (53 .583 1200 >  .2 > .25
it 1 .95 1 .05 - 2.403 6 .  137 .137 .482 3504 >  .2
ii 3.52 1 .62 - 4.836 10.093 .118 .518 1308 >  .25
4278 .295 .486 .463 .614 15880 > 0 .
it .450 .376 .437 .594 • 12813 >  .2
it .276 .538 .449 .608 15204 >  .4V .446 .393 -  .018 .473 .406 .572 12469 >  .2 >  .4
rr .526 .  366 .438 .604 1 1 1 1 1 >  .3
ii .396 .496 .391 .567 10962 >  .2 >1 .
if .496 .439 .397 .577 9721 >  .3 >  1 .
i i .348 .519 .459 .630 18552 +  .2 +  .4
rr .627 .327 .467 .618 17795 +  .2 -  .4
it .521 .268 .460 .586 17125 -  .2 -  .4
5577 .303 .314 .223 .227 .202 .324 I 1312 >0 . > 0 .
n .497 .207 .371 .219 .186 .305 8641 >  .2 > 0 .
it .578 .202 .439 .226 .187 .312 7469 >  .3
ir .500 .  198 .430 . 190 .132 .237 7517 >  .2 >  1 .
it .578 .205 .486 .208 .143 .257 6471 >  .3 >1 .
it .307 .323 .  195 .249 .21 1 .330 10607 >  .2 >  .4
ii 3.00 -.065 3.094 -.146 -.045 -.138 445 > 2 . > 4 .
ii 4 .  18 -.091 4.006 - .  191 -.018 -.130 44 > 9 . > 3 .
it .290 .359 .  157 .229 .1 10 .251 3563 < 4 . < 2 .
Statistical Parameters Derived for the Relationship between 
Auroral Absorption and Luminosity at Three Wavelengths
CO
CO
34
Examining the relationship between absorption and luminosity predicted 
by the quasi-equi librium assumption, the coefficients and of 
equation (2) were derived. Only one set of coefficients was derived 
for the 4278A data sample for which A > 0.2db and I > 0.4kR:
ACdb) = -0.018 + 0.473/14 2 7 8 (kR)
The corresponding relationship found for the 5577A data set is:
ACdb) = 0.223 + 0.227/1 (kR)5577
As before, the coefficients derived for the 4059A data depart
significantly from the values for either 4278A or 5577A:
ACdb) = -4.84 + 10.09/14059 (kR)
or ACdb) - -4.84 + 0 . 3 1 6 / 1 . (R)40o9
The night-sky background level at 4059A usually exceeded 150 rayleighs, 
so that this value may be considered as a lower limit to the 
measurements. Similarly, the background levels at 4278A and 5577A 
were on the order of 400 rayleighs.
3.3 Correlation Between Recorded Parameters
in determining the correlation between absorption and luminosity, 
correlation coefficients were derived using the formula:
_ _________IXY - (ZX) (EY)/n_________
vCzX2 - Czx)2/n] / [ r r  - (EY)2/n]
In discussing correlation, it is useful to take into consideration 
its meaning; Sterling and Pollack (1968) present a rather lucid descrip­
tion of the use of correlation: "Correlation does not mean causation; 
correlation implies two concepts: the quantity X becomes a predictor 
of Y to the extent that variations in X are paralleled by variations
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in Y. The covariation is measured by the sum of the cross products 
£(X-X) (Y-Y) which is called covariance. This number wi I I tend to be 
large when fluctuations of X and Y coincide. Secondly, correlation 
defines the pragmatic *usefuI I ness’ of a predictor. The degree of 
correlation helps us decide whether it is or is not worthwhile to 
use a specific predictor."
Correlation coefficients were derived assuming both a linear and 
square root dependence of luminosity on absorption; the relative 
magnitude of the correlation between absorption and each emission 
line is stressed. The correlation coefficients discussed below 
are all significant at the I percent level.
For the entire data sample at 4278A the following correlations 
were derived: •
Tj = 0.46 (I for linear dependence)
r^ = 0.61 ( 2 for square-root dependence)
Derived from the data set containing 5577A measurements were the values 
r( = 0 . 2 0
r2 = 0.32
Finally, utilizing the 4059A data, the correlation coefficients were: 
r( = 0.17 r2 = 0.45 (all data)
r, =0.12 r2 = 0.52 <I4 0 5 9 >250R)
Based on the premise that the 4059A data were obtai ned during only 
-active auroral conditions and may therefore represent a significantly 
unique sample of aurora, the correlation coefficients for the 4278 
data taken at the same time were derived:
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r, = 0.49!
r2 = 0.63
With reference to the correlation coefficients derived for the 
4278A and 5511k data samples, it can be inferred that the assumption 
of a linear dependence of luminosity on absorption is only slightly 
inferior to the assumption of a square root dependence. This result 
is true for a limited amount of data, such as considered above, as 
we I I as for the total data set which contains an order of magnitude 
more data. However, the correlation analysis does support the 
earlier conclusion that the 4278A emission is more closely related 
to auroral absorption than is the 5577A emission.
The correlation coefficients derived for the 4059A data imply. »
that the square root dependence of luminosity on absorption is 
significantly better than a linear dependence. However, the magnitude 
of r2 was less than the corresponding value for the 4278A data implying 
that auroral luminosity at 4059A is a slightly poorer predictor of 
absorption than is 4278A luminosity.
During season I correlation coefficients were derived between 
absorption and 5577A luminosity; the magnitude of the correlation 
coefficients was of the same order as derived in season II.
Also during season I, the correlation of absorption between the 
6° north and 6 ° south directions was investigated; coefficients of 
0.96 (A > O.Odb), 0.90 (A > 0.5db), and 0.87 (A > I.Odb) were derived 
(see Figure 3.3). A correlation coefficient of 0.77 was derived for 
correlation of 5511k luminosity in the 6° north and 6° south directions
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Figure (3.3) Scatter plot of absorption in 6 0 North
orientation plotted versus absorption in 
6° South orientation (after Berkey, 1968).
Correlating the narrow beam absorption events with the same events 
measured with the standard Yagi antenna, a value of 0.83 was 
found. These correlation coefficients are also listed in Table .
IV. .
3.4 The Spatial Extent of Auroral Absorption
Using autocorrelation functions, Graf (I960) made computations 
of the structural extent of an absorbing region as a function of the 
correlation of absorption between two adjacent directions. Although 
the major lobe of his array was of greater angular dimensions in the 
east-west plane than the array used in this study (see Table 1), to 
a first approximation his results can be applied here. From Figure
3.4 (Graf’s Figure 6 ) it is possible to infer a spatial extent of the 
absorbing region from previously derived knowledge of the correlation 
coefficient. In the first instance, in which all available data 
were correlated (A > O.Odb), the spatial extent of the absorbing 
region can be inferred to exceed 80 kilometers; next, considering 
only those values of absorption which exceeded 0.5db, the spatial 
extent (in the north-south plane) exceeds approximately 60 
kilometers. Restricting the data event even further (A > I.Odb),
a spatial extent of only 48 kilometers can be assumed. If can there­
fore be concluded that as the magnitude cf the absorption increases, 
the spatial volume in which it occurs decreases. This result is 
consistent with observation; intense absorption is frequently 
associated with bright, narrow auroral forms. However, this is not 
to imply that the spatial dimensions of the absorbing region and the
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T h e  oO's - s h o w  t h e  c u r v e  f o r  o u r  a n t e n n a  p a t t e r n .  
T h e  (o) 's . s h o w  v a l u e s  w h i c h  a  v e r y  m u c h  n a r r o w e r  
b e a m  ( s a y  I K r n  w i d e )  A cU s p l a c e d  5 t l o , a n d  1 5  K m  , 
w o u l d  h a v e  g i v e n .
Figure (3.4) Structural extent of the absorbing region 
as a function of correlation for an array 
with a beamwidth of 6.5° (after Graf, I960).
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TABLE IV
Type of Correlation
Cri teri a 
For Correlation 
A(db) I(kR)
Correlation
Coefficient
Number of 
Data Points (n)
o
6 ° north versus 6 ° south absorption >0 . 0
6 ° north versus 6 ° south absorption >0.5
6 ° north versus 6 ° south absorption > 1 . 0
6° north versus widebeam (70°x70°)
absorption >0.5
6 ° north versus 6 ° south luminosity >0.0
0.96
0„9Q
0.87
0.83
0.77
1476
879
472
422
2203
(kR) 1 / 2
North South North South
db versus >0 . 0 >0 . 0 0.31 0.46 1812 2133
db versus (kR) 1 / 2 >1.5 <4.0 -0 . 0 2 0 . 1  I 178 280
db versus (kR) 1 / 2 >1.5 >4.0 0.16 0.19 62 2 2 2
db versus (kR) 1 / 2 <1.5 >4.0 0.35 0.26 183 248
Correlation Coefficients for Auroral Absorption Measurements 
in two Directions and for the Correlation of Absorption and 5577 Luminosity (after Berkey, 1968),
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luminous aurora are the same; applying Graf's analysis to the correlation 
of 5511k luminosity in the 6 ° north and 6 ° south directions, a spatial 
extent or coherence of only 32 kilometers is predicted. Therefore, 
based on this analysis, it can be concluded that the spatial dimensions 
of the absorbing region exceed those of the luminous aurora.
3.5 Observations of 4861A and 5294A
Observations of the H„ emission at 486IA were made only duringP
season I and reported by Berkey (19681. No correlation studies were 
undertaken,and the conclusion that the H_ was not well correlated withP
auroral absorption was based on an inspection of the data. Figure 3.5 
exemplifies the complete lack of emission during pulsating aurora 
such as observed in the morning sector.
Although the 5294A band emission was monitored throughout season 
II, the data were not utilized for the correlation analysis due to 
the lack of sensitivity of the photometer system. A general impression 
obtained from observations during intense aurora was that it varied 
in proportion to the 4059A luminosity.
R ep ro d u ced  w ith perm ission o f the copyright ow ner. F u rth e r reproduction prohibited w ithout perm ission .
Reproduced 
with 
permission 
of the 
copyright owner. 
Further reproduction 
prohibited 
without perm
ission.
PO
JAN UAR Y 2 6 ,1 9 6 6
\ ".hr.r • •
06 05 0 & 03 02
Figure (3.5) Original recordings for the morning of
January 26, 1966. Note that no enhancement 
of 4861 A (Ha ) occurs during the pulsating 
aurora at 02o0 LT and 0630 LT (after Berkey,
CHAPTER 4 '
THE RELATION OF AURORAL ABSORPTION AND LUMINOSITY
DURING THE SUBSTORM ' .
. 4.1 Introduction
A classification of auroral absorption events according to their 
variation with time has been made by a number of authors (Ansari, 1963;
. Berkey and Parthasarathy, 1964; Eather and Jacka, 1966; Akasofu, 1958).
. Where Akasofu has defined E-type absorption as a brief impulsive even­
ing event and N-type as the "heavy absorption with a sharp onset in the 
mid-night and early morning hours," other authors have not differentiated 
between these events and classified both types as SAI (sudden absorption 
increase) (Ansari, 1963), type-F (Berkey and Parthasarathy, 1964) or 
SIA (sudden ionospheric absorption (Eather and Jacka, 1956). The less 
impulsive absorption events, which increase at a,slower rate and occur 
primarily in the morning hours, have been termed SVIA (slowly varying 
intense absorption) by Ansari (1963) and type-S by Berkey-and 
Parthasarathy (1964). Akasofu has termed such absorption M-type events.
A third classirication (type-P) was made by Berkey and Parthasarathy 
■ (1964) which defined quasi-pericdic absorption events with periods up
to several hundred seconds.
Akasofu (1968) pictured the daily variation of E, N and M type 
absorption at a typical auroral zone station (such as College) as a 
function of magnetic activity. He inferred an increase in the 
frequency of occurrence and magnitude of E- and M- type absorption 
events with magnetic activity.
In this chapter, several examples of substorm and non-substorm 
associated absorption events will be examined. Most of these events
. 43
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can be classified according to the schemes described previously, . 
although such will not be the purpose of this discussion. Instead, 
selected events from each of several time sectors will be used to 
illustrate the relation of absorption to auroral luminosity during 
the substorm. Events representative of alI levels of magnetic 
activity have been selected for this purpose.
A definition of the time sectors used in this discussion is given 
in Table V; the approximate local geomagnetic time interval correspond­
ing to the local time sector is also given.
Table V 
Definition of Time Sectors
Sector
Dusk
Even? ng
Mi dni ght
Early Morning
Dawn
Morn i ng
Noon
Afternoon
Local (I50°WMT) Time Local Magnetic Time
1600 - 2030 
2030 - 2230 
22-30 - 0130 
0130 - 0330 
0330 - 0800 
0800 - 1030 
1030 - 1330 
1330 - 1600
1430 - 1900 
1900 - 2100 
2100 - 2400 
2400 - 0200 
0200 - 0630 
0630 - 0900 
0900 - 1200 
1200 - 1430
4.2 Dusk Sector Events
The dusk sector is generally a period of minima! auroral activity 
as the auroral oval lies 5° - 7° poleward of College during this time. 
It is also the period during which the diurnal variation of auroral 
absorption at College is a minimum. However, Montbriand (1969) ob­
served patchy forms in the dusk sector which he identified with intense 
absorption. In the following section, three examples of dusk sector 
patchy forms will be examined. _
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4.2.] The events of January 18, January 20, and February 4, 1968.
Although the quantitative relationship between absorption and 
luminosity was not derived for these events, they were considered to 
be of enough'sign!ficance to merit discussion. In addition, due to 
the similarities between these events, the ensuing discussion will per­
tain to all three.
There was no evidence of substorm activity at College during the 
periods of interest, however; each of the events was preceeded by the 
occurence of a substorm at Kiruna and followed by. substorm activity at 
College near midnight.
Figure 4.1 illustrates these events using the 36 MHz riometer
trace, the 4278 A photometer output, and a record showing the variation
dl.„-,0/dt. The 4278A photometer output was available only during the 4278
February 4 event. The periods of interest are the time during and just 
following twilight, after the photometers had turned on. It will be 
noted that pulsations of the 4278A emission occurred during these times 
and that the riometer showed intense absorption during the pulsating 
aurora. The normal 4278A photometer trace for February 4 shows the 
magnitude of the type of pulsations which occurred in the evening twi­
light; the character of these pulsations is markedly different from 
the pulsations observed in the morning sector.
All-sky camera data were avaiI able only during the February 4 event; 
the camera was not operating while the events of January 18 and January 
20 were in progress. Using cinematic projection it was possible to 
discern very weak arc segments drifting equatorward. They appeared to 
be similar in nature to the dusk sector patches documented by Montbriand- 
■(1969).
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Figure (4.1a) Reproduction of the original records of
January 18 and January 20, 1963. The upper 
trace (A) is a record of the short period 
fluctuations of 4278A (dl/dt). The 36 MHz 
' riometer record is shown in (B). Note the
increased absorption at times of 4278A 
f luctuatior.s.
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Figure (4.1b) Reproduction of the original records for
February 4, 1553. In this figure the upper 
trace (A) is the normal 4278A photometer 
record. Trace (3) shows the short period 
fluctuation recording, and (C) is the 36 
MHz riometer record.
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From such observations, it can be concluded that absorption 
occuring in the late afternoon (or dusk sector) and not correlated with 
substorm activity is associated with dusk sector patches. That these 
patches pulsate is demonstrated by the observations reported here. The 
association of such patches with intense absorption as suggested by 
Montbriand (1969) is further strengthened. It is suggested that this 
type of event is associated with prior substorm activity in the midnight 
sector; it is not unlikely that the pulsating aurora is merely an east­
ward extension of the pulsating aurora seen in the morning sector. The 
same is true of the absorption; in Part II of this thesis the eastward 
drift of absorption will be documented and discussed in some detail.
4.2.2 The event of February 11, 1967
On February II, 1967 a substorm onset was signalled by a positive 
change of the H-component'at College beginning at approximately 0530 UT. 
The positive impulse reached a maximum (AH = I50y) several minutes 
later at 0545 UT; this coincided in time with an absorption event which 
reached a maximum of 1.2 db at 0546 UT. The variations of absorption 
and 4278 A luminosity are depicted in Figure 4.2. Note that the in­
crease in auroral luminosity was aimost negligible; this is further 
exemplified by the all-sky camera photographs of Figure 4.3 which show 
a faint arc, only slightly brighter than the Milky Way, extending through 
the zenith between 0544 and 0548 UT.
Positive excursions of the H-component continued until lO^UT; be­
tween 0740 and 0800 UT an event similar to the 0545 UT event occurred, 
however the onset was Jess well defined and the magnitude was somewhat 
less. ■ . ■ .
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the data have been reduced at one minute intervals; in the lower 
portion of the figure, the auroral intensity (in kilorayleighs) 
has been plotted for 4278A, 5577A, or 4059A, using different symbols 
for each wavelength. In the center trace the absorption in decibels 
at 36 MHz is plotted, and the upper row represents the ratio A//lt» 27 8 
Symbols have been plotted at 10 minute intervals on each graph.
This data is for the dusk-sector event of February II, 1967.
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Figure (4.3) All-sky camera photographs for the interval 0540 to 0549 UT 
on February II, 1967.
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4.2.3 The event of October 6 , 1966
The substorm which occurred between about 0630 and 0730 UT on 
October 6 , 1566 also produced a positive bay in the H-component at
College. An-absorption event lasting' nearly 30 minutes began at 0638
UT (see Figure 4.4), reaching maxima of 2 db at 0640 UT and again near
0700 UT. The maxima coincided in time with the largest positive ex­
cursions (AH - 250y). Once again, no appreciable increase of 4278A or 
5577A luminosity was observed.
During both of these events, the ratio A//I was large, inferring 
a hard electron spectrum. Furthermore, the association with substorm 
activity and the absence of pulsating aurora suggests that these events 
are different in nature than those discussed in section 4.2.1. it can 
be concluded that during substorrns which cause a positive deflection of 
the H-component, intense absorption accompanied by only a negligible 
increase in auroral luminosity can occur. It is also suggested that 
during such events, intense absorption also occurs within the auroral 
oval associated with the propagation of the westward travelling surge 
(WTS).
4.3 The Evening Sector
In the evening sector, College is situated 2 - 3 °  equatorward of 
the auroral oval except during very intense substorrns (K > 5) when 
the oval expands to include College. During the auroral substorm, any 
one of several auroral types may be observed: the westward travelling
surge, the westward drifting loop (WDL), or a poleward expansion. The 
absorption events which occur in the evening sector are characterized
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by a rapid onset and a rapid recovery and are usually of short duration.
4.3.1 The events of January 14, 1967
No definite onset time could be ascribed to the activity which 
occurred on January 14, 1967 although the College K-index for the 
03 - 06 UT interval was 6 . Small (50 - S50y) fluctuations were re­
corded in the H-component between 05 and 06 UT.
At 0505 UT, a rayed arc extended through the zenith at College, 
the brightest part of the arc being to the west of College, near Kotzebue 
(see Figure 4.5). Between 0509 and 0510 UT a surge propagated east­
ward along the arc followed by equatorward displacement of the arc of 
approximately 30°. As seen from Figure 4.6, the absorption reached 
approximately 1.3 db during this time while II kR of 4278A luminosity 
was observed.
Several minutes later, at 0522 UT a westward drifting loop could 
be seen near the horizon east of College (see Figure 4.5). The loop 
passed through the zenith at 0524 UT at which time the 4278A, 5577A, 
and 4059A photometers registered a sharp increase in luminosity (26 kR 
at 4278A5. Maximum absorption ( M  db) and maximum luminosity at 4059A 
were reached a minute later at 0525 UT. At 0527 UT a rayed arc formed 
the poleward boundary of the aurora as seen from College. A small neg­
ative bay occurred in the College H-component during this event.
At approximately 0605 UT a sudden positive increase was recorded 
in the College H-component which coincided with a westward travelling 
surge which propagated across the sky to the north of College (see 
Figure 4.5). At 0610 UT the equatorward boundary of this surge moved
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~ 0531, 0604 to 0615 UT on January 14, 1967.
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into the zenith at College causing a sudden increase in absorption and
iuminosity. The absorption increased from 0.87 db to 2.5 db and 4278A
' intensity reached 35 kR at 0611 UT. During each of these events the
ratio A//! 427'3 indicated a softening of the electron spectrum.
h hThe nature of the auroral events recorded between 05 and 07 UT 
on this date appears to be typical of those periods when College lies 
just equatorward of the auroral oval. Aurora! luminosity tends to 
occur at discrete intervals between which there is no other auroral 
activity. A similar event, associated with a WDL, was discussed by 
Berkey (I96S).
4.3.2 The event of October 16, 1966 
_
On October 16, 1966 substorm activity began at approximately 07 
UT. The maximum amplitude of-the negative bay which lasted until 0830 
UT was approximately 1300 gamma (K | = 7). Several rapid onset absorp­
tion events occurred during the transit of Cassiopeia A through the 
antenna pattern; this caused large amplitude scintillations which tend­
ed to mask the absorption events (see Figure 4.7). Close examination 
of the original records indicates that an absorption event occurred co­
incident with the increase of luminosity observed at 0717 UT.
Although no ali-sky camera data were available for this event, it 
is assumed that the spike-like increases of absorption were associated 
with the propagation of the WTS through the College zenith. The en- 
• hancement of the 4059A emission supports this assumption.
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4.3.3 The Event of January 3, 1967
At approximately 0630 UT on January 8 , 1967 sudden onsets were re­
corded in the magnetometer, riometer, and photometer records (see 
Figure 4.8). The magnitude of the H-component negative bay was about 
900 gamma and signalled the onset of a polar magnetic substonn which 
lasted until 07^ UT. A sudden increase in absorption was recorded al­
most simultaneously at Fort Yukon, indicating that the event may have 
been associated with the poleward expansion of the auroral substorm.
No all-sky camera data were useab!e during this event.
4.4 Midnight Sector Events
In the midnight sector, College exists within a transition zone, 
moving from outside to inside the auroral oval. The maximum in aurora 
occurrence is reached during this period and poleward expansions and 
westward travelling surges are typical iy observed auroral features. I 
the riometer records, sharp onset absorption events frequently occur.
4.4.] The Event of December 13, 1967
On December 13, 1966 a substorm onset occurred at approximately 
1000 UT as evidenced by a negative bay onset at College. Prior to 
the substorm onset rayed auroral structures filled much of the sky.
At 0957 UT a poleward expansion began and by 1005 UT diffuse aurora 
filled the whole sky (see Figure 4.9). Auroral intensities increased 
beyond 10 kR, but the increase in radiowave absorption was only 0.7 db 
(see Figure 4.10). This event provides an example of a relatively 
weak substorm occurrence (AH = 225y) while College was located within 
the auroral .ova!. .
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Figure (4.9) All-sky camera photographs for the interval 0948 to 1002 
UT on December 13, 1966.
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4.4.2 The Event of December 5, 1965
On December 5, 1966 a particularly interesting event occurred be­
tween 0840 and 0850 UT, apparently associated with a substorm occurrence 
which caused a large positive increase in the College H-component. Al­
though this event has been described in the literature (Beach et a!., 
1968), the auroral absorption and Iuminosity have not been discussed in 
detail. As illustrated by the all-sky camera photographs in Figure 4.1! 
the aurora moved equatorward into the zenith at College (^0320 UT), be­
came activated (^0840 UT) and then moved poleward (^0850) UT). In Fig­
ure 4.12 the corresponding photometer and riometer variations are de­
picted. Prior to 0859 UT no absorption was recorded, a I though the photo­
meters registered an increase in luminosity beginning at 0820 UT when 
auroral forms moved into the zenith. At 0837 UT the auroral luminosity 
increased several fold, and numerous times over the next 13 minutes the 
recording range of all three photometers was exceeded. At 4278A more 
than 30 kR was recorded, and the 4059A photometer registered in excess 
of 600 Rayleighs. Maximum absorption was reached at 0845 UT (2.7 db) 
and again at 0849 UT (2.8 db), both times correlating with a maximum in 
luminosity. Although the luminosity decreased abruptly at 0850 UT from 
34 kR to 7 kR (4278A), the absorption magnitude remained at 2.6 db de­
creasing to 0.3 db at 0851 UT. The correlation coefficient between 
luminosity and absorption for the period 08-09 UT was in the range 
0.60 - 0.79 for all photometers. The ratio A.//[^278 exce9^e<^  3 value 
of 0.5 only at 0850 UT when the auroral luminosity decayed.
Cresswell (1968) observed that the aurora was flickering during 
the period of time discussed above.- According to Beach et al. (1968)
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Figure (4.11) AI i —sky camera photographs for the December 5, 1966
event. The right sides of four of the photographs were
• printed darker in order to show details of the auroral
structure at times of most intense aurora (after Beach
et al, 1968).
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"flickering auroras occur only just before and during breakup; the fre­
quency (of flickering) is relatively fixed at !0=3 Hz; the intensity 
is high...; the flickering features are mainly in the form of inter­
connected spots of diameter 1-5 km; and high speed (>5km/sec) horizontal 
motions are observed during the flickering: the motion involves either
the flickering elements or nearby filamentary structures." In an 
attempt to express the flickering quantitatively, CressweI I (1968) de­
fined a flickering "index" with which he derived a histogram on which 
the .36 MHz was also plotted. From this histogram, Cresswell (1968) con­
cluded that "the precipitation of large fluxes of energetic electrons 
was associated with the precipitation of highly time-structured fluxes 
of auroral energy electrons." Cresswell (1968) noted that the arc con­
taining the flickering elements aligned itself through the zenith at 
0845 UT, coincident with the maximum in absorption and just prior to a 
sharp positive spike of 4C0y amplitude in the H-component. No flicker­
ing was observed after 0850 UT.
Using the image orthicon television observations made during this 
event, Beach et al. (1968) were able to deduce the spatial extent of an 
individual flickering patch. Their calculated dimensions were 7,5 by
10 km; since the patch was not rectangular (see Figure 2 of Beach et
9
al.), it may be assumed that the total area was less than 75 km“, say
2 •55 km . The projected area subtended at 80 km height by the major
2lobe of the array used in this study is approximately 75 km . Thus a
9
patch of 55 km“ area would fill approximately 75 percent of the field 
of view; it can further be shown th3t the effect of a uniform absorbing
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layer covering 75 percent of the field of view of the array would re­
sult in approximately 2 . 8  db of absorption, similar to that recorded 
during the flickering aurora.
The observation discussed here associated increased radio wave ab­
sorption with pulsing patches contained in an arc and termed 'flickering 
aurora.' A close spatial coherence of the emission and absorption mech­
anisms is inferred from measurements of the size of a typical pulsing 
patch. This inference can be used either to support Cresswell's con­
clusion that both the high (>30 kev) and low energy electrons were high­
ly time structured, or to conclude that the flickering was occurring in 
the same height regime as was the absorption.
4.5 Early Morning and Dawn Sectors
Because of the similarity of activity which is observed after mid­
night, the early morning and dawn sector events will not be differenti­
ated. For all but the weakest substorrns, College lies within the bound­
aries of the auroral oval until approximately dawn. During this period 
of time characteristic auroral features are pulsating patches and arcs, 
ft - bands, and during intense storms, flaming aurora. The auroral ab­
sorption is found to increase at a slower rate than during, say, the 
midnight sector but is often of a greater intensity and duration.
4.5.1 The Event of March 6, 1971
On March 6 , 1967 a slowly increasing negative bay was associated 
with a substorm which began at approximately I2*1 UT. The amplitude of 
the negative bay was largest (AH = I50y) at 1400 UT and by 1500 UT had
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recovered to a quiet-day ievel. However, between 1337 and 1347 UT a 
positive increase of the H-component occurred which coincided with the 
eastward propagation of an Q. - band approximately halfway between 
College and Fort Yukon (see Figure 4.13). At the same time, patchy 
aurora appeared in the zenith at College. Note that while the absorp­
tion began to increase at 1327 UT (see Figure 4.14), no marked increase 
in 4278A luminosity occurred until 1337 UT when the positive impulse in 
the H-component was recorded. At 1344 UT maximum absorption (2.1 db) 
was recorded; three minutes earlier, a maximum of 5 kR was observed at 
4278A.
4.5.2 The Event of January 9, 1967 .
An event recorded on January 9, 1967 near I5h UT exemplified the 
disintegration of an arc into eastward drifting patches. A substorm 
onset occurred near 1430 UT with the amplitude of the associated nega­
tive bay reaching "-5i0y at 1504 UT. At 1441 UT a faint arc extended 
through the zenith (see Figure 4.15) and at 1443 UT the first indica­
tions of a surge propagating eastward along the arc could be detected. 
At 1446 UT the surge passed through the zenith causing the 4278A inten­
sity to increase to 26 kR while creating only a small increase in the 
absorption (see Figure 4.16). However, about two minutes later the 
absorption began to increase, reaching 2.8 db at 1456 UT. At this 
time the 4278A intensity was 7.6 kR, but the aurora consisted of east­
ward drifting patches.
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Figure (4.13) All-sky camera photographs for the interval 1330-1345 
on March 6 , 1967.
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Figure (4.15) All-sky camera photographs for the interval 1441 to 
1504 on January 9, 1967.
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4.5.3 The Event of January 11, 1957
!n the previous example, the negative bay associated with the sub­
storm had a gradual onset. Furthermore, College was located we!! to the 
east of the midnight sector. In this example, College is situated closer 
to the midnight sector and the onset of the polar magnetic substorm is 
more abrupt.
At 1252 UT on January il, 1967 the onset of a substorm was signalled 
by a sudden decrease of the H-component on the order of 670y; at approx­
imately the same time, the absorption began to increase, reaching 2 . 2  
db at 1255 UT (see Figure 4.17). The increase in absorption was coin­
cident with the movement of an arc into the zenith (see Figure 4.(8), 
the intensity of which was about 4 kR at 4278A. At 1307 UT a further 
decrease of the H-ccmponent was accompanied by the disintegration of 
the arc into patches and an increase in absorption; the onset of pulsa­
ting aurora began a few minutes later. The absorption maximized at 
1318 UT with a magnitude of 2.8 db. Note the increase of 4059A luminos­
ity relative to that at 4278A between 1316 and (333 UT; this increase 
occurs several minutes after the maximum in absorption was reached.
From the ai1-sky camera data it appears as though College is lo­
cated near the poleward boundary of the region in which pulsating, 
patchy aurora occurs during this substorm. This suggests that the 
auroral oval may have expanded equatorward during this substorm.
4.5.4 The Event of December 21, 1966
Although the substorm onset was first evidenced by a sudden de­
crease in the H-component at 1512 UT on December 21, no appreciable
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Figure (4.17) Data for the morning sector evening of 
January I 1, 1967.
Figure (4.18) All-sky camera pholographs for the intervals 1254 to 
1308 and 1317 to 1330 UT on January II, 1967.
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increase in absorption occurred unti! about !520 UT (see Figure 4.19). 
Maximum absorption (2.0 db) was reached at 1528 UT; auroral luminosity 
did not exceed 4 kR (at 4278A) at any time during this event. Again, 
note an increase in 4059A luminosity relative to 4278A shortly after 
the absorption maximum.
This substorm was considerably less intense than the two'discussed 
previously as evidenced by the less than 200 amplitude of the H-compo­
nent negative bay. The patchy aurora which occurred during this event 
arose from the disintegration of an arc poleward of College (See Figure 
4.20). Small amplitude pulsations accompanied the patchy aurora.
4.5.5 The Events of October 6 , October 16, December 14, 1966, January 7, 
and January 6 , 1967.
Substorrns occurring in the morning sector on October 6 , October 16, 
December 14, 1966 and January 7, 1967 were all associated with in­
tense magnetic pertubations (AH > 900y) during which the College K - in­
dex reached a value of 7.
On October o, there appeared to occur a succession of substorrns 
commencing at about 09*1 UT. The absorption increased sharply at 1025 
UT and exceeded I db throughout the rest of the night. The most In­
tense absorption occurred at 1318 UT (5.6 db) and 1331 UT (6.3 db); 
maximum 4273A luminosity occurred at 0909 UT (14 kR). Note that the
ratio A / / I e x c e e d e d  a value of 2 after 1230 UT (see Figure 4.21).4 clo
Substorrns occurred at 07*1 UT, near II*1 UT and near 13 on October 
16 with the most intense substorm beginning at approximately 1230 UT. 
Again the absorption exceeded 3 db, reaching 3.1 db at 1303 UT and
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F i g u r e  ( 4 . 1 9 ) D a ta  f o r  t h e  mo rn in g s e c t o r  e v e n t  o f  December
2 1 ,  1966.
Fioure (4.20) A 1!—sky camera photographs for the interval 1514 to 
1538 UT on December 21, 1966.
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F i g u r e  ( 4 . 2 1 ) Data for the morning sector event of October 
6 , 1966.
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3.6 db at 1337 UT (see Figure 4.22). However, the 4278A intensity ex­
ceeded 50 kR during both of these times and the ratio A / Z l ^ g  'nd'~ 
cated a soft spectrum. No all sky camera data we re availab!e for either 
this substorm or the substorms of October 6 .
A single substorm was observed on December 14, 1966 beginning at 
approximately 1345 UT. The absorption had a gradual onset at nearly 
the same time, reaching maximum at 1408 UT and 3.0 db at 1522 UT and 
1529 UT. Pulsations were superimposed on the 4278A variations; the 
absorption maximum at 1408 UT was associated with pulsating aurora. 
Maximum luminosity occurred at 1519 UT and the electron spectra was 
soft relative to the October 5 event (see Figure 4.23).
The polar magnetic substorm which began shortly before 13 UT on 
January 7, 1967 was very similar to the substorms described previously, 
having a maximum negative deflection in the -H-component at 1320 UT. 
Disturbed conditions persisted until 17^ UT. The absorption which 
occurred during this time was highly structured as can be seen in 
Figure 4.24; the associated 427SA and 5577A luminosity variations were 
similarly structured and the correlation of absorption and 4278A lumi­
nosity exceeded 0.9 between I3*1 and 14^ UT. The following table de­
tails the activity which occurred between I3*1 and 17^ UT:
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Hourly Averages of Activity During the Substorm of January 7, 1967
!3-14hUT 14-15hUT l5 -!6hUT |6-l7hUT
Average
absorption 1.76 db 2.43 db 2.74 db 2.49 db
Average 427SA 8.09 kR 10.75 kR 12.06 kR 8.33 kR
Intensity
Correlation
coefficients
rj 0.92 0.68 0.60 0.80
r2 0.91 0.68 0.57 0.81
Average value
ratio A//1 0.59 0.74 0.80 0.86
R ep ro d u ced  w ith perm ission o f the copyright ow ner. F u rth e r reproduction prohibited w ithout perm ission .
Reproduced 
with 
permission 
of the 
copyright owner. 
Further reproduction 
prohibited 
without perm
ission.
F i g u r e  ( 4 . 2 2 ) D a ta  f o r  t h e  m o r n i n g  s e c t o r  e v e n t  o f  O c t o b e r  16,  
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F i g u r e  ( 4 . 2 3 )  D a ta  f o r  t h e  m o r n i n g  s e c t o r  e v e n t  o f  De cember  14 
1966.
Figure (4.24) All-sky camera photographs for the intervals 1304 to 
1324 UT and 1444 to 1520 UT on January 7, 1967.
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A sequence of all-sky camera photographs is shown in Figure 4.25 
to illustrate the chaotic behavior of the aurora during this interval. 
Large patches of auroral luminosity can be seen to move from west ‘to 
east through'the zenith in the sequence beginning at I3C4 UT and again 
at T444 UT. No detailed correlation with individual forms was attempted 
as the individual patches were pulsating.
Two intense substorms, during which the College K-index reached 
7, began at 0630 UT and again at 1007 UT on January 8 , 1967. By [2*1 
UT substorm activity at College had subsided, although the all-sky 
camera showed patchy aurora to occur between 1230 and 1500 UT. Between 
1420 and 1430 UT, a large patch whose intensity was about 10 kR, moved 
eastward through the zenith (see Figure 4.26). Although this patch 
was only slightly less intense than those which were observed on 
January 7, the associated increase in absorption was about 0.5 db 
(see Figure 4.27). There were, however, no pulsations superimposed on 
the 4278A variations.
At 0630 and 1005 UT increased fluxes of 50-150 kev electrons were 
observed at synchronous orbit by ATS 1 (6 . 6  R , |50°W) (Lezniak and 
Winckler, 1970). There were no further increases in the 50-150 kev 
electron counting rate after I I^  UT; this suggests that there were no 
substorm occurrences west of College. Had there been a substorm, ATS ! 
would have recorded an increase in electron flux before the patches 
v/ere observed at Col lege.
The significance of this example lies in the fact that only a 
small increase of absorption was associated with this patch, in con­
trast with the previous examples. However, there are two primary 
differences between this event and, say, the preceeding night:
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Figure (4.26) Aii-sky camera photographs for the interval 1420 to 
1434 UT on January 8 , 1967.
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(I) no polar magnetic substonn in progress at the time, and; (2 ) the 
absence of pulsating aurora.
4.5.6 The Event of February 16, 1967
On February 16, 1967 a particularly intense disturbance occurred 
h hbetween approximately I I and 14 UT. A negative bay onset was re­
corded at 1130 UT; the amplitude of- the H-component decrease was about
- hi h
2300 gamma. The local K-index during the period 09 to 15 UT attain­
ed a value of 8 . Beginning at 1130 UT a spectacular display of flam­
ing aurora was observed and is described by Cresswell (1969). Chamberlin 
(1961) has defined fiaming aurora as "waves of light (which) move 
rapidly upward, one after the other, from the base of the aurora toward 
the magnetic zenith." This definition accurately characterizes the 
aurora seen on February 16, 1967.
In the interval from 1130 UT to 1135 UT, the absorption increased 
dramatically from 0.2 db to 7.5 db (see Figure 4.28), the latter value 
being the largest absorption magnitude recorded during the course of 
the experiment. It is eiso of interest to note that the broadbeam 30 MHz 
riometer recorded nearly 14 db of absorption at the same time. At 4278A, 
the auroral luminosity increased from 2.2 kR to some value in excess of 
40 kR, the level at which the recorder was limited. Similarly, the 4059A 
photometer was off scale at a level of 780 Rayleighs. The value of the 
ratio A//l .~no increased from 0.3 at 1130 UT to a value of 1.14 at 1134 UT,
h Z. f O
shortly before the 4278A photometer reached its saturation level. It is
h hinteresting to note that between II and 12 UT the correlation coefficient 
between absorption and the square root of luminosity was 0.97 for both 
4278A and 4059A. . ' ' •
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The sequence of al!-sky camera photographs In Figure 4.29 illu­
strates the auroral movements near the time of substorm onset. That 
the auroral ova! had expanded equaterward can be inferred from this 
sequence. At 1125 UT a bright arc could be seen on the southern horizon; 
over the next nine minutes it moved poleward, passing through the zenith 
at College between 1133 and 1134 UT. After this time individual forms 
were not distinguis'nab le, although a TV system in operation at Ester Dome 
recorded details of the flaming aurora (Cresswell, 1969).
4.5.7 The Event of December 8 , 1967
The discussion of morning sector events will be closed with the 
description of an unusual event with periodic structure which occurred 
during a substorm on December 8 , 1967.
Periodic variations in the range from 2-10 minutes are occasionally 
recorded in the cosmic noise absorption records at College (Parthasarathy 
and Hessler, 1963) as well as at other locations in the auroral zone 
(see Hargreaves, 1959). Such variations usually occur during magnetic­
ally disturbed periods and are observed at College most frequently a­
round 1600 UT (Berkey and Parthasarathy, 1964). A striking example 
of such a periodic variation was observed at approximately 14^ UT on 
December 8 , 1967. The sinusoidal structure was also evident in the 
Paxson (65.5°N CGM) riometer records, but not at Fort Yukon (67.!°M 
CGM) nor at Anchorage (60.8°N CGM). The narrow latitudinal confinement 
is consistent with the observations of the spatial structure of such 
events by Barcus and Rosenberg (1965).
On December 8 , 1967 the onset of a substorm occurred at approximately 
1308 UT when a 300 gamma negative bay was. registered; substorm activity
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Figure (4.29) All-sky camera photographs for the interval 1127 to 
1143 UT on February 16, 1967.
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persisted until I6*1 UT. The absorption also began to increase at 1308 
coincident with the onset of pulsations in the 4278A emission. In FIg—
- ure 4.30 the original records have been reproduced; both the 30 MHz and 
56 MHz (narrow beam) records have been inverted so that absorption in­
creases toward the top of the page. The width of the 30 MHz trace 
emphasizes the factor by which the original data was multiplied. The 
temporal coherence between the 36MHz riometer data and the 4278A record 
is particularly noteworthy; the rise and decay times are coincident to 
within the inherent recording error (estimated at ± 15 seconds). High- 
frequency pulsations are superimposed on the larger variations in the 
4278A intensity.
In many of the examples discussed previously, patches of auroral 
luminosity, typical of those observed in the morning sector, could be 
followed from frame-to-frame in the all-sky camera data as they drifted 
eastward. Such was not the case during this event; while large patches 
of luminosity were visible (Figure 4.31), there was no coherency between 
frames. Instead, patches with a large angular extent (> 10°), which 
went "on and off" at times corresponding to increased absorption and 
luminosity, appeared in the zenith. No patches appeared in the zenith 
during times of absorption minimum. These patches disappeared about 
1415 UT, however patches were observed at Fort Yukon between 1417 and 
1630 UT.
The ratio A(db)//l was calculated for times corresponding 42/d
approximately to the maxima and minima phases of the event. Only rela­
tive values of the 4278A luminosity were used for this calculation. As 
seen in Table V!, the ratio varies by factor of approximately 2 between 
the times of minimum and maximum during the event. It should be noted
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Figure (4.30) Representation of the original 30 MHz riorneter (top), 36 
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a quasi-periodic absorption on December 8 , 1967. The riorneter records 
have been inverted so that absorption increases toward the top of the 
page.
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Figure (4.31 All-sky camera photographs for the interval 1335 to 
1409 UT on December 8 , 1967.
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that during the tiroes of minimum, no pulsations were observed although 
the luminosity during such periods exceeded the pre-disturbance night- 
sky background level. Presumably the iuminesence during these periods 
could be attributed to the auroral veil (Montbriand, 1969). It therefore 
can be concluded that pulsating aurora is characterized by a much harder 
spectral indice than is the diffuse or veii type aurora. Furthermore, 
the high degree of temporal correlation observed here lends support to 
the inference that pulsating auroras occur at a much lower height than
do other forms of aurora (Moore, 1971).
Table VI
Variation of the Ratio A//TTZ>-,0 on December 8 , 19674Z (o
TIME UT ABSORPTION RELATIVE RATIO A//i
db INTENSITY .
1345 .79 8 .28
1345:30 1 .46 9.5 .47
1346:30 1 .03 19.1 .34
1347:30 1.90 13.1 .52
1349 . 6 8 6.7 .27
1350:30 2.61 14.0 .70
1353 . 6 8 8 . 0 .24
1355 2.25 13.8 .60
1357 .79 9.5 .25
1358 1.61 13.8 .43
1400 .89 9.5 .29
1401 1.61 13.0 .45
1402:30 .79 9.7 .25
1403:30 1.3! 1 2 . 2 .38
1405 . 6 8 9.5 . 2 2
1405:30 1.45 13.3 .40
1408 .53 8 . 6 .18
Of the eleven events discussed in this section, ten were associated 
with substorrns; during these ten substorm events, the absorption reached
a maximum of at least 2 db, whi le a maximum of I db was recorded during
the eleventh (non-substorm) event. During the largest substorms (AH >
900y) the absorption ranged from at least 3 db to more than 7 db.
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The examples given here tiemostrate the correlation of intense absorp­
tion with pulsating aurora. This is exemplified most clearly by the January 
9, 1967 event when absorption maximized after the onset of pulsating aurora. 
During the January 8 , 1967 event when a non-pulsating patch moved through 
the zenith, the increase in absorption was only a sma! ! fraction of that
normally observed during pulsating aurora.
At least three different morphological types of aurora were discussed:
(!) flaming aurora; (2) patchy aurora, and; (3) Q - band aurora. All
were associated with intense absorption; flaming aurora was associated 
with the largest event (> 7 db) recorded.
The increase in the ratio A//l in the morning sector infers that a 
hard spectrum is characteristic of the events discussed above. In all of 
these events, the ratio A//i increased relative to its value near midnight. 
The event of December 8 . 1967 vividly illustrates the hardness of the pre­
cipitated electron spectrum during pulsating aurora, in contrast with the 
softer spectrum characteristic of the auroral veil.
4.6 Statistical analysis of substorm events
The College magnetograms were used to determine the existence of a 
substorm during the nights for which riometer and photometer data were 
both available. Furthermore, the duration of a positive or negative bay 
event in the H-ccmponent was used as an indicator of the length of the 
substorm. The College K-indices for these same substorms were used to 
further subdivide the data for the purpose of deriving a statistical re­
sult pertaining to the type of spectrum which occurred at different
levels of K . during a substorm. The statistical parameters which were col 3
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discussed in the preceeding chspter were derived tor values of the 
College K-index between 3 and 8 . For non-substorm associated events, - 
the same parameters were derived and are listed in the row labeled NSE.
TABLE V11
Statistical Parameters Derived for the Relationship Between 
Absorption and 4278A Luminosity for Substorm Events 
As a Function of the College K-Index.
A (db) / A  27 8
I' icol Mean Standard
deviation r! r 2 C0 C | • C 2 C3
n
3 0.56 0.31 0 . 1 1 0.23 0.63 0.07 0.39 0.26 160
4 0.54 0.38 0.23 0.43 0.40 0.55 -0.08 0.59 1 139
5 0.51 0.28 0.19 0.40 0.43 0.50 0.08 0.48 1234
6 0.57 0.28 0.05 0.19 0.82 0 . 2 2 0.99 0.17 795
7 0.48 0.26 0.27 0.49 0.38 0.54 0.26 0.40 856
8 0.72 0 . 2 2 0.42 0.82 0.50 0.51 -0.95 0.96 185
NSE 0.43 0.24 0.23 0.37 0.46 0.23 0.27 0.25 8100
Since the K index 'is derived from the maxi mum def1ection of the
H-component during a 3 hour Interval, another Index which could be
used for ordering the data was sought. An hourly indicator of magnetic
activity in the form of telluric current amplitudes (mv/km) was readily
available; these values were published quaterly in the High Latitude
Geophysical Data series (Hessler, 1966). According to Hessler (1966) 
the telluric amplitude scalings are highly correlated with the magnetic
index A. Since the maximum amplitude of the telluric current fluctu­
ations was approximately 1050 mv/km, 8 intervals with a range of 
150 my/km were defined. The same data analyzed previously were again
processed, and the results are displayed in Table VIII. The last row 
(labeled E) represents the derivation for the whole data set; these
values should be compared with the NSE row in the previous table.
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Sratistica! Parameters Derived for the Relationship Between 
Absorption and 4278A Luminosity for Substorm Events
As a Function of Tel 1 uri c Current Magnitudes.
JDEX
A(ab)
MEAN //!4278 STANDARD r r? co
0.57
c | c 2 C3 n
1 0.50
DEVIATION 1 
0.30 -0.23 -0.45
1
-0 . 2 2
A
0.84 -0 . 2 2 99
2 0.55 0.32 0.15 0.38 0.42 0.53 -0.04 0.58 823
3 0.46 0.25 0.16 0.38 0.41 0.47 0.05 0.43 918
4 0.53 0.27 0.27 0.59 0.32 0.71 -0.57 0.79 562
5 0.48 0.34 -0.07 -0.13 1.23 -0.25 1 .41 -0.15 318
6 0.53 0.28 0.17 0.39 0.42 0.55 0 . 2 1 0.45 590
7 0.51 0.23 0.16 0.30 0.93 0.17 0.90 0 . 2 1 298
8 0.65 0.35 0.28 0.48 0.67 0.42 0.52 0.48 822
Z 0.53 0.31 0.37 0.56 0.44 0.51 0.04 0.52 4430
The results of the foregoing analysis indicate that there is vir­
tually no dependence of the ratio A//l on magnetic activity; except 
for periods of intense disturbance (index = 8 ), the ratio was in the 
range 0.52 ± 0.06. During intense magnetic disturbance, the value of 
the ratio was significantly larger.
It is interesting to compare the mean value of the ratio for sub­
storm and non-substorm events (NSE); the mean for substorm events was 
about 20 percent larger. The same trend exists for the other parameters 
substorm events show a higher correlation between absorption and lumi­
nosity. The quantitative relation A = CglCl infers a nearly square- 
root dependence, while NSE reveal an approximately cube root dependence.
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SUMMARY AND CONCLUSIONS 
The purpose of this chapter is to summarize the results derived in 
'the previous two chapters, emphasizing those results which are new, and 
comparing these results with comparable measurements reported in the 
Iiterature.
5.1 Diurnal variations
Using the diurnal variations of the ratios A/Zl^yg and A// 15 5 -7-7 
to infer changes in the spectrum of precipitated electrons, the softest 
spectrum was observed over the four hours preceeding local magnetic mid­
night (approximately 1130 UT at College). This result is consistent 
with the observations of Brewersdorff et al. (1966) who used the ratio 
of balloon-borne X-ray detectors with different energy thresholds to 
infer spectral changes (see Figure 5.1) and with the Injun 3 satellite 
measurements of Fritz (1966), who reported that the energy spectrum 
between 10 and 40 kev is much softer during the evening hours than at 
any other time during local night. On the other hand, Johansen (1965)
observed a hardening between I9*1 and 24^ UT while Gustafsson (1969)
h hinferred a hardening between 15 and 05 UT; both of these results 
were based on the variation of the ratio A//l^_^ .
According to Hartz and Brice (!967), who derived an idealized 
pattern of auroral particle precipitation as a function of geomagnetic 
time (see Figure 5.2), the pre-midnight hours are dominated by intense 
fluxes of soft (E < 10 kev) precipitation. They show that hard pre­
cipitation occurs at all local times near 65°, maximizing in the late 
morning hours. Taking into consideration that the observations dis­
cussed here correspond to periods of activity during which > 4, the
. 99
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Figure (5.2) Precipitation pattern cf electrons. The
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diurnal variation of the electron spectrum observed in this study 
supports the idealized representation of Hartz and Brice. '
No particular significance is attached to the diurnal variation of 
the ratio A//5 q _q because of the uncertain!ties surrounding the exci­
tation mechanism of the Second Positive (Nitrogen) band. However, a 
comparison of the diurnal variation can be made with that of 4278A; 
from this comparison it can be concluded that the ratio 4278A/4059A 
is not constant. This would imply that the excitation mechanism for 
the (0-3) transition is other than direct electron excitation.
The diurnal variation of aurora! absorption agrees well with other 
investigations (Hook, 1958) in that an evening minimum and a morning 
maximum occur. The step-like increase in the diurnal variation near 
I2*1 UT coincides in time with the occurence of pulsating aurora in the 
morning sector.
5.2 Statistical results
The values of the coefficients derived for the least squares fit 
to the relation A(db) = cQ[j(kR)j“ 1 infer that for the 4278A emission 
line the assumption of quasi-equilibrium in the auroral ionosphere is 
quite valid. The equation derived in Chapter 2 can be re-expressed for 
absorption at 50 MHz by multiplying by a factor of 1.4:
A,0 (db) = 0.41 D 4 2 7 8 CkR)J0 - 49
This relation should be useful for obtaining a first-order estimate of 
absorption, knowing the corresponding auroral intensity at 4278 A or 
vice-versa. .
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On the assumption that equilibrium is rapidly established in the 
auroral ionosphere, the coefficients of the relation
ACdb) = c 0 + C-,/l(kR)2 o
were derived. Substituting values of 427SA intensity into the two 
equations shows that the latter equation predicts a larger absorption 
magnitude than does the power- 1 aw representation; the predicted 
absorption is larger by a factor of approximately 1.6 . No attempt 
will be made to account for this factor except to comment that the 
coefficients for these two equations were derived under different
criteria imposed on near zero values of absorption and luminosity.
The significant feature of this technique of data analysis is the
verification of the assumptions made in using the ratio A/>^1^278 aS an 
indicator of changes in the spectrum of precipitated electrons. The re­
sults derived from the least-squares analysis indicate that on the 
average absorption varies proportionately to the square root of 4278A 
luminosity, confirming the assumption of quasi-equiIibriurn upon which 
the derivation of the ratio A//1 is based. The result is consistent with 
the production mechanism for the emissions, that of direct electron 
excitation.
The same analysis showed that absorption is proportional approxi­
mately to the cube root of auroral luminosity at 5577A and varies almost 
linearly with changes in'4059A intensity. These results infer that di­
rect electron excitation is not the primary mechanism by which either
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of these emissions are excited. In the case of 5577A, this result 
tends to confirm the results of Rcmick and Eel on (1967) who suggested 
' that dissociative recombination of O2 is the dominant mechanism for ex­
citation. ’
The range of the coefficient c^ derived from the analysis of 4G59A 
data was 0.75 to 1.5, implying that absorption varies almost linearly 
with 4059A luminosity variations. This observation lends support to the 
suggestion of Gadsen (1961), who proposed an ion-exchange process for 
the excitation of Second Positive emissions. The result also implies 
that no contamination of the data by the 3914A emission exists since a 
square-root dependence would be anticipated if such were the case.
5.3 Correlation analysis
Correlation coefficients were derived for each emission and for 
each constraint imposed or. the data; two assumptions were made, that of 
a linear (r2) and square-root (r2) dependence of absorption on luminosity.
The correlation between absorption and / ! W3S ne3r*y same 
as derived for the data set collected during 1965-65 (season I). It is 
interesting to note that Esther and Jacka (1966) found a correlation of 
0.31 for SVIA events; they also measured the 5577A emission.
The significant result of this analysis is the larger value of the 
correlation coefficient for the 427SA emission. The coefficients r2 
varied from 0.57 to 0.63 for 4278A, whi le the same correlation varied 
between 0.24 and 0.33 for 5577A. No comparable measurements for the 
427SA emission have been reported in the Iiterature.
The correlation coefficients r2 derived from the 4059A data set had 
nearly the same values (0.45 to 0.58) as the corresponding values for
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4278A; however, the coefficients r ; . re much less than the same values 
derived for 4278A or 5577A. The ralio of the correlation coefficients 
' r2/ri was approximately 3 for the 4059A data set; approximately 1.4 for 
the 427SA data, and; about 1.5 for 5577A variations.
It can therefore be concluded that more than half the variation of 
absorption can be attributed to changes in 4278A luminosity, assuming 
a square-root dependence. Next, making the assumption of a linear de­
pendence, slightly less than half the variation of absorption can be 
accounted for by changes in 4278A luminosity. For the 5577A data, only 
a third of the variation of absorption can be accounted for with a square- 
root dependence, while only 1/5 is attributable to a linear dependence. 
Finally, for the variation of absorption and 4059A luminosity, about half 
of the variance can be attributed to a square-root dependence and less 
than 1/6 to a linear dependence. The latter result conflicts with the 
earlier finding which showed that a linear dependence is predicted by 
the least-squares analysis.
5.4 The spatial extent of auroral absorption
Using the autocorrelation analysis of Graf (1960), it was demonstrated 
that as absorption increases in magnitude, the spatial coherence between 
two adjacent absorbing regions decreases. From the correlation of ab­
sorption events larger than I db in magnitude, a spatial coherence of 
less than 48 kilometers (in the N-S plane) was found. This can be inter­
preted as meaning that the spatial extent of the absorbing region is less 
than 48 km when A > 1.0 db. Application of the same analysis to the 
5577A luminosity measurements made during the winter of 1965-66 inferred 
a spatial coherence of only 52 km. Graf (I960) derived a somewhat larger
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spatial extent for the absorbing region as a result of the high degree 
of correlation he found between his two antenna beams; he inferred that 
the absorbing region exceeded 80 km. From a statistical standpoint, the 
result ct this analysis implies that during aurora, the latitudinal ex­
tent of the ionosphere in which absorption occurs is larger than the 
corresponding region in which visual auroral emissions are observed.
5.5 Auroral Absorption and Luminosity Variations during the Substorm
Using all-sky camera data, Montbriand (1969) established the exis­
tence of dusk sector patchy aurora; however, his conclusion that such 
aurora is associated with intense absorption was based on only one ex­
ample for which coincident riometer data was available. From the three 
events illustrated here, it is concluded that dusk sector patches pulsate 
as do patches which occur in the morning sector. Furthermore, it is 
suggested that such events are associated with substorms which have 
occurred near the midnight meridian and therefore represent the limit 
of eastward drift of the substorm. These examples lend additional 
support to Montbriand's conclusion relative to the association with In­
tense absorption. The almost negligible amount of 4278A luminosity would 
suggest that the ratio A/Zl^yg would be larger than for events which 
occur in the morning sector, as suggested by Montbriand.
Absorption which occurs in the evening sector is associated with 
the westward propagation of the auroral substorm. In the early evening 
‘hours, equatorward of the oval, yet associated in time with the westward 
travelling surge (WTS), are increases of auroral absorption which are 
accompanied by almost negligible increases of auroral luminosity. These
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events are associated 'with positive increases in the H-component and pre­
sumably occur when K > 4. '
’ P
Westward drifting loops (WDL) are observed near the western extremity 
of the WTS; this phase of the aurora! substorm is characterized by strong 
(20 kR) auroral emissions and little to no associated absorption. Small 
negative deflections of the H-component are observed at this time.
Intense absorption accompanies the WTS if the surge is character!zed 
by type-B red aurora; the absorption is typically of snort duration, with 
a rapid onset and a rapid recovery time. The intensity of both the ab­
sorption and luminosity can be quite large. A sharp negative deflection 
of the H-component accompanies the increased absorption and luminosity.
The events occurring in the midnight sector have been extensively 
discussed (Ansari, 1964; Eather and Jacka, 1956; Berkey and Parthasarathy 
1964); no new results were derived' from this study. However, the study 
confirmed the earlier observations of intense absorption and luminosity 
accompanying the poleward advancing bulge.
The morning sector is characterized by pulsating aurora and intense 
(> 2 db) absorption. In general, the increases of absorption are longer 
in duration than those observed at other local times. In contrast, the 
auroral luminosity rarely exceeds a few kiIorayleichs, the exceptions 
being those rare occasions on which flaming auroras occur. Negative bays 
in the H-component typically accompany the absorption in the morning 
sector. Since, at this time, the origin of the substorm lies to the 
west of College, the rate of decrease of the H-component is generally less 
than observed during the midnight sector.
A quasi-periodic absorption event (called type-P by Berkey and 
Parthasarathy, 1964) was shown to be associated with patchy, pulsating
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aurora. This is the first event to be so documented. The observation 
suggests that ail such events are characterized by discrete patches of 
precipitation with highly time structured fluxes.
5.6 Substorm statistical results '
The correlation of absorption and 4273A luminosity was investigated
for substorm events. Using the statistical parameters discussed in
Chapter 2, it was shown that there was no systematic dependence of either
the correlation coefficients or the least-squares fit coefficients on
the level of magnetic activity during the substorm with the exception of
the most disturbed (K = 8 ) periods. At such times, the correlationcol
between absorption and luminosity increases and the ratio A//I is signif­
icantly larger. It was shown that, during the substorm, the absorption is 
proportional to the square root of ^278A variations, while during events 
not associated with the substorm a fourth root dependence is predicted. 
Similarly, the correlation between absorption and luminosity is signifi­
cantly smaller during non-substorm associated events.
5.7 Suggestions for further work
A number of technical Improvements could be made to the existing 
experimental apparatus if further use of the narrow beamwidth technique 
is to be made.
(1) The mainlobe beamwidth and sidelobe distribution has only been 
computed theoretically; the pattern should be measured in the geomagnetic 
east-west and north-south planes using an airborne transmitter.
(2) The sidelobe amplitude should be reduced by tapering the current 
distribution across the array. This can easily be accomplished for the
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pattern in the north-south plane by adding appropriate lengths of coaxial 
cable. Appendix A gives a table of values for the attenuation necessary 
'to produce a given side lobe level.
(3) Digita1 techniques should be introduced Into the recording and 
processing of the raw data; digita! format data allow for more expedient 
data processing.
The most promising area for further research with the narrow beam 
array is that of determining the spatial coherence of absorbing regions. 
Development of an auto-correlation function for the 6 x 8 array is 
suggested; application of the methods developed by Graf (I960) could then 
be applied. The correlation of absorption between several different 
directions along the meridian piane would yield more extensive information 
concerning the dimensions of auroral absorption. The derivation of 
correlation coefficients for different types of aurora is suggested, as 
well as the derivation of correlation of auroral luminosity in the same 
di rections.
If further investigation of the ratio A//| is to be carried out, if
is suggested that more emphasis be placed on substorm activity for which
K < 4.
P
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PART I I
A SYNOPTIC STUDY OF THE GEOGRAPHICAL DISTRIBUTION OF 
AURORAL ABSORPTION DURING FIVE SUBSTORMS OF THE IQSY
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CHAPTER 6 
MEASli-V ENTS OF AURORAL ABSORPTION 
ON A GLOBAL SCALE
When applied to the study of the morphology of aurora! particle pre­
cipitation, the riometer (see Chapter I) possesses important advantages 
over other types of instrumentation. In contrast with photographic or 
photometric techniques, the riometer is not affected by weather or 
limited to night-time operation. Nor is application of the riometer 
technique restricted to moderately disturbed conditions as is the case 
with ionospheric sounders. Although the spatial response of the riometer 
is a less flexible parameter than it is for optical measurements, it is 
controllable to a certain degree. Finally, it should be noted at the 
outset of this study that the D-layer ionization which causes the absorp­
tion of radiowaves occurs over a rather ill-defined height regime be­
tween about 50 and 90 kilometers. However, it can be safely assumed 
that such ionization results from the precipitation of primary electrons 
with energies in excess of 30 kev. The contributions of proton precipi­
tation and BremsstrahIung X-ray ionization are considered to be negligi­
ble during auroras.
Historically, application of the cosmic noise technique to high 
latitude radiowave absorption studies dates to 1954 when Little and his 
co-workers first applied the technique at College (Little, 1954). It 
was, however, not untiI about 1964 that there was dense enough coverage 
by riometers within the auroral regions to allow inter-comparison of 
various features of auroral absorption between stations. Investigating 
a type of absorption event (type-F) known to be associated with the 
. . 1 1 0 . .
6 . 1  I n t r o d u c t i o n
with perm ission o f the  copyright ow ner. F u rth er reproduction prohibited w ithou t perm ission .
maurora! breakup, Berkey and Parthasarathy (1964) found a better correla­
tion between stations separated by 13° in longitude than between stations 
- separated by 2° of latitude. However, utilization of the type-F event 
as a reference broke down when correlation over greater spans of longi­
tude was attempted (Berkey and Parthasarathy, 1964 - unpublished results).
It was subsequently demonstrated that absorption increases at a lesser 
rate east of the midnight sector, and what was observed as a sudden-onset 
(type-F) event in the midnight sector becomes a slowly increasing 
absorption (bay) event in the morning sector, (see also Parthasarathy & 
Reid, 1967).
6.2 The Auroral Substorm
It was also in 1964 that Akasofu introduced the concept of the auroral 
substorm (Akasofu, 1964). Using all-sky camera data, he showed that the 
aurora undergoes a pattern which can repeat itself several times during 
the course of a night; each repetition of this pattern was termed a sub­
storm. Akasofu defined an expansive and recovery phase within the sub­
storm process; during the expansive phase, the poleward expanding bulge, 
the westward travelling surge, eastward drifting patches and the ST-band 
are the characteristic features. To an observer in synchronous orbit on 
the meridian of the substorm origin, the westward travelling surge would 
be seen propagatin westward along the auroral oval; the Q-band moving 
eastward near the poleward boundary of the oval, patches moving in the 
same direction, but near the equatorward boundary; and, generally pole­
ward motion along the meridian of observation. The expansive phase, 
which can last up to 30 minutes, is followed by the recovery phase, the 
onset of which is defined by equatorward motion of the most poleward
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auroral arcs within the poleward bulge. During the recovery phase, the 
bulge which formed during the poleward expansion contracts, eventually 
to reach a configuration consisting of quiet arcs such as existed prior 
to the onset of the substcrm. Near the dusk and dawn meridians, the pro­
pagation of the westward travelling surge and also of eastward drifting 
patches may be observed unti I the end of the substorm. These motions
are represented diagrammicai ly in Figure 6.1.
6.3 The Auroral Oval
Coupled with the substorm concept is the use of -the auroral oval 
as a coordinate within which the substorm process occurs. Feldstein 
(1963) and Akasofu (1968) have found from photographic observations that 
auroras occur within an oval shaped belt; this belt is found at a high­
er geomagnetic latitude on the day side than at night. Feldstein and
Starkov (1967) have shewn that the width of the belt is dependent on
the level of geomagnetic activity (see Figure 6.2). Whalen (1970) has 
produced a nomograph with which the position of the auroral oval can be pro­
jected onto the Northern Hemisphere for any time of day. ■
6.4 Measurements of the Longitudinal Distribution of Auroral Absorption
Application of the substorm concept to many of the other manifesta­
tions of the effects of auroral particle precipitation in the ionosphere 
has brought order to otherwise complex phenomena (see Akasofu, 1968).
Such is the case with observations of radiowave absorption. Discussed 
in the first part of this thesis were the observations of auroral ab­
sorption made at College during substorms; the variety of such observa­
tions does not lend themselves to interpretation on a global basis, with
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Figure (6.1) Schematic diagram to show the development
of the auroral substorm (after Akasofu, 1964).
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Figure (6.2) The auroral belt at different degrees of 
geomagnetic activity (after Starkov and 
Feldstein, 1967).
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the exception of statistical or event analyses, it is therefore impor­
tant to study data from stations separated by several hours in local time. 
However, as mentioned previously, a common factor is necessary upon which 
to base the analysis; the substorm concept provides such a factor.
Studies of auroral absorption at stations widely separated in longi­
tude have been carried out by a number of investigators, notably Hargreaves 
(1967, 1968, 1970) Driatsky (1969, 1970) and Jelly (1970). These studies
and others have been summarized in Table IX.
Hargreaves (1967) studied absorption events at three stations sep­
arated by 80° of longitude and situated between L-values of 5.6 and 6.9. 
Analyzing the time of onset or maximum of an event, he derived both east­
ward and westward movements; for events originating near local midnight,
he found a drift rate of 4° of longitude per minute (2.8 km/sec). A sec­
ond analysis, based on event reports from Reyjavik and Great Whale, 
showed a lower rate of movement, I.3°/min. In this instance the move­
ments were also both eastward and westward.
Hargreaves (1968) also studied events from 5 locations between L=4 
and L=14 in the Southern Hemisphere. He combined these results with those 
of his previous analysis to derive a global pattern (see Figure 5.3).
The global pattern shows a westward velocity of 0.2 R^/min and 0.5 Ra/ 
min in the eastward direction. The salient features of this model are:
(I) the minimum in occurrence and magnitude near I51"1 magnetic time; (2) 
the maximum In absorption at a longitude reached after 30 minutes, and;
(3) the greater eastward drift velocity.
Dubatovko et a I (1968) correlated absorption bays occurring at 
College and Loparskaya. They found a systematic time lag between the 
events at each station which they interpreted as being the result of
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TABLE IX
SUMMARY OF LONGITUDINAL DRIFT MOTIONS
1nvestigator
Eastward motion 
Velocity Duration
Westward 
Velocity
1 motion 
Duration
Type of 
Analysis Stat ions
L-
va 1 ue
Hargreaves (1967) 4°/mi n 
1 .3°/mi n
06-16h UT 4°/mi n 
1 .3°/mi n
l8-04h UT Event onset 
Event "reports"
Col lege 
Great Whale 
Reyjavik
5.5
6.9
6 . 2
Hargreaves (1968) <0.5R /ml n e 00-l4hMLT >0.2R /min e l5-24h MLT Event onset E i gh ts Byrd
South Pole
4.0
7.2
14.0
Dubatovko
et al. (1968)
3.1-3.7°/mi n none derived Bay onsets Col lege 
Loparskaya
5.5
5.4
Jel iy ( 1970) 2 .3°/mi n 
(estimate)
none deri ved "Subs torm" 
events
Co 1 1ege 
Ki runa
Dixson Island 
Cape Jones
5.5
5.4
6.9
6 . 2
Dria+sky (1970) 4.5°/mi n 22-06h
(60°EMT)
2.5°/mi n 10 -18h 
(60°EMT)
Bay onsets Col lege 
Amderma 
T i x i e Bay
5.5 
5.4
5.6
Dri atsky
et al . (1970)
1 .5-2.5°/mi n 
3-6°/mi n
21 — 14h LT 1-1,5°/mi n 
l.5-3°/min
14-2|hLT Bay maxima 
Bay onset .
Siberian
Hargreaves (1970) 37 km/mi n 02-11hLT 9 km/mi n !5-02hLT Absorpt ion 
"features"
Great Whale 7.0
7 7 7
Figure (6.3)
»0 ^'nute°"n?er^ f ° rP ^ o n onsets drawn at 
Wilson, 1970). (Hargreaves, 1967 a/a'
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150 kev electrons drifting from the vicinity of the midnight meridian.
Driatsky (1969) used data from Amderma, College, and Tixie Bay to
h hinvestigate longitudinal motions. Over the time interval 22 to 06 60°
EMT, an eastward drift of 4.5°/min was observed, while for the westward 
drift, a rate of 2.5°/min was derived for the interval lO 1^ to 18^ 60° EMT.
Using substorm events, defined as abrupt absorption increases, as 
a reference, Jelly (1970) analyzed longitudinal motions at 4 stations 
separated by 50° to 110° of longitude. Although no drift rate was given, 
a rate of approximately 2.3%nin (50-90 km/min) can be derived from her 
results. Two maxima in the longitudinal distribution of absorption 
were observed, one just before midnight and a second in the morning hours.
Driatsky et al. (1970) derived a model for the longitudinal drift 
of auroral absorption based on riometer data from Soviet stations located 
near L=5.5. They concluded that absorption begins in the evening sector 
around 21 ^  LT and spreads eastward betv/een 21^ and 14^ LT and westward 
from I4*1 to 21 ^  LT. They derived drift rates for both the event onset 
and the event maximum. They observed a higher velocity for the event 
onset; 3° - 6°/min for eastward drifts and 1.5° - 3°/min for westward 
drifts. They observed a maximum eastward velocity at 03^ LT for both 
bay onsets and maxima. Investigating the latitudinal distribution of 
bay events, they concluded that absorption spreads both poleward and 
equatorward from about L=5.7. The rate of expansion was a function of 
latitude, varying from 0,2°/min to 0.5°/min. _
Investigating the movement of auroral events over a distance of 
250 km, Hargreaves (1970) derived median velocities in both the east­
ward and westward directions. These velocities are considerably smaller 
than derived previously (37 km/min eastward, 9km/min westward); the
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eastward movement predominates between 07^ and 16*1 UT (02 - ll 1^ LT) and 
the westward between 20^ and 07^ UT (15^-02^ LT).
6.4.1 The Ionospheric Substorm
Akasofu (1568) inferred the development in time of the ionospheric 
substorm (see Figure 6.4); this development was based on: (I) the auro­
ral substorm; (2) statistical studies of auroral absorption, and; (3) 
absorption measurements by ionosondes. This model differs from the 
studies of the longitudinal distribution of absorption outlined above 
in the following respects: (I) association of intense absorption with 
the westward travelling surge and within the auroral oval; (2 ) identifi­
cation of the eastward drift motion along both the auroral oval and the 
auroral zone in the noon sector, and; (3) the confinement of absorption 
to a narrow region at the onset of the substorm.
6.5 Sate!Iite Measurements
Using ATS-i satellite measurements of trapped electrons with ener­
gies in the range 50-150 kev, Rosen (1969) studied the correlation of 
increased electron fluxes at geostationary orbit with precipitation 
events at a chain of riometer stations in Alaska. He found that 85^ 
of the ATS-I flux increases were correlated with increased radiowave 
absorption (± 15 minutes), while 92^ of the observed absorption (pre­
cipitation) events were associated with flux increases at ATS-I. He 
also found a greater percentage of flux increases associated with pre­
cipitation events in the dawn-noon sector than in the evening-midnight 
sector.
Examining the latitudinaI•distribution of precipitation events,
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Figure (6.4) Development of the ionospheric substorm 
• ' (after Akasofu, 1968).
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Rosen observed that such events were observed first at high latitude 
stations at all locai times other than midnight. He suggested that this 
observation supports his proposed model, that of a dribbling cloud of 
electrons, because of the inverse dependence of particle drift period 
on L. His model is based on the gradient drift of trapped electrons, 
assuming that the initial longitude of the precipitation region is where 
most of the electrons are accelerated.
6 . 6  Purpose of Synoptic Study
While the studies discussed previously have contributed extensively 
to a knowledge of the morphology of auroral absorption, an exact picture 
of the temporal development over the polar regions during a substorm has 
not been derived. The areas of greatest uncertainty can be summarized 
as follows:
(1) What is the distribution in longitude and latitude of absorption 
at the time of onset of substorm?
(2) How does this distribution change as a function of substorm time?
(3) is the auroral oval or the auroral zone a better coordinate with
which to describe the absorption substorm?
(4) At what rate does the region in which auroral absorption occurs 
expand and upon what parameters does this expansion depend?
(5) What is the relation of expansion velocities to processes which 
are known to occur in the magnetosphere?
(6 ) Can the eastward expansion be explained by the gradient and
curvature drift of energetic electrons injected in the midnight sector?
(7) How is the auroral absorption substorm related to the polar . 
magnetic and auroral substorrns?
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(8 ) Can ail auroral absorption events be explained in terms of the 
absorption substorm?
In the following chapters, an attempt will be made to answer some 
of the questions posed above. In particular, in Chapter 8 five 
substorms of the IQSY (1964-65) period will be examined in detail.
This analysis should provide a basis for anwering (I) - (4) and (7).
The drift period of energetic electrons will be computed and compared 
with the observational measurements in Chapter 9; and a model of the 
auroral absorption substorm will be derived.
1 2 2
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CHAPTER 7 
REDUCTION AND PRESENTATION OF DATA
7.1 The ESRO Working Group on Auroral Absorption Substorms
In March 1969, during an ESRO Colloquium held in Kiruna, Sweden, 
a Working Group on Auroral Absorption Substorrns was formed COrtner and 
Moors, 1969). It was agreed by the Croup to exchange data for the 
IQSY period (1964-65) and for the IYAS (1969), then in progress. 
Professor Hultqvist of the Kiruna Geophysical Observatory was chosen 
as the Coordinator of the study, whose task it was to select 30 
substorm events for investigation. Several criteria were imposed on 
the selection of the events: (I) that the record be undisturbed for 
the previous hour; (2 ) that the event have an abrupt onset with a 
rate of increase of absorption of at least Idb per minute; (3) that 
the duration be in excess of 30 minutes; (4) that the maximum 
amplitude exceed Idb for more than five minutes; (5) that the onset 
occur between IS*1 and 06*1 LT. The 30 events were to be distributed 
among the Working Group participants whose task it was to reduce the 
data in the form of contour maps. It was further agreed that at 
least one joint paper be co-authored by alI the participating members 
before proceeding individually with the analysis. The purpose of 
the joint paper is to present collectively the results of the synoptic 
maps derived by each group.
7.2 Technique of Data Reduction
As outlined above, the cooperative study called for the analysis 
of the absorption substorm data in the form of contour maps, produced
123 .
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for every 15 minute interval during the substorm. A set of programs 
developed by IBM for the System/350 (Gussow et al., 1968) was adapted 
for this purpose. The STAMPEDE (.£urface Techniques, Annotation, and 
Mapping Programs for E_xp I oration, Development, and Engineering) 
programs are designed to make numerical and analytical approximations 
to a set of three coordinate values defining any surface and for 
preparing a display of surface geometry in the form of plotted contour 
maps. Utilization of this technique has the advantage of eliminating 
'human bias' in the construction of the contour map. Also advantageous 
is the use of a numerical method in approximating the surface and 
deriving the contours.
The first step in approximating the surface is to superimpose a 
square grid system on the input x,y,z data and to interpolate missing 
values onto the grid. Note that x and y define the location on the 
surface of a point whose magnitude is represented by z. Also note 
that the grid interval is chosen so that a grid square contains, on 
the average, one input point. Following the superimposition of a 
grid system over the input data, a value is calculated for each mesh 
point (grid intersections) within the grid system. For grid squares 
containing data points, mesh-point values are established at each 
corner. This is accomplished mathematically by passing a plane 
surface, which is determined from the surrounding data points by 
taking a weighted least-squares fit, through the data point.
After evaluating all the mesh-point values for grid squares 
containing data points, the remaining mesh points are evaluated using
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those values previously determined in a manner analogous to that 
outlined above. The technique builds up tiers of mesh-point values
around each established mesh point until the grid system
has been completely evaluated. For a detailed description of the 
technique the reader is referred to Gussow et al. (1968).
It is important to note that if a z value occurs near the boundary 
of the surface being approximated, no mesh points will be derived for 
the grid square containing this point if they lie outside the boundary. 
And, if the distribution of d3 ta points around the edges of the 
surface is irregular many of the mesh points near the boundary will
be derived by extrapolation.
After all of the mesh-points within the mapped area have been 
evaluated, they serve as input to the CONTOUR program. For each 
grid square the contouring is accomplished using the equation:
z = zo + <z3 - z0 )x + (z, - z0 )y + (z0 + z2 - z, - z3 )xy
where Zq, Zj, Z2 > and z^ are the mesh values at the corners of a grid 
square and x,y are the coordinates of the data point z. According 
to Gussow et ai. (1968) "this equation has the advantage of being 
linear along the edges of the grid square (and therefore a contour 
line is continuous from one grid square to another), without being 
linear over the area of the square." The program allows the annotation 
of contour lines or data points and enables one to emphasize certain 
contour lines; special emphasis can be made by drawing a heavy (double) 
contour line.
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In the version of STAMPEDE used in this study, the contour interval 
was chosen as 0.5db, and the grid interval was 0.25 inches (except for 
the August 2, 1965 substorm where the contour interval is 0.25db).
Every integer contour line is annotated and drawn as a heavy line. The 
location of each observation point is annotated on this grid using a 
coding system (see Table X). As a foreground to the contour map, 
the continental outlines have been plotted in corrected geomagnetic 
coordinates by a computer program developed by J. Dryden (private 
communication),
7.3 Coordinate Systems
It becomes obvious, after searching the literature, that no 
universally accepted geomagnetic coordinate system has been adopted 
for use in describing auroral phenomena. As a result, a number of 
systems were investigated and compared before a choice of coordinate 
system was made. A brief description of each of the systems -
considered follows.
7.3.1 The centered dipole coordinate system
The centered dipole system of geomagnetic coordinates is the 
system most frequently utilized in the description of auroral 
phenomena. An analytical transformation between geographic and 
geomagnetic coordinates can easily be made using the formulae 
(Chamberlain, 1961): ■
sinX = sinX sinX + cosX cosXcos(<?-4> ) m p p P
s in *  = cosXs in  (<£-<?> )/c o s X  m p m
where 6 is lonaitude and X is latitude and where X , <f> represent - .  ^ P P
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A Comparlson of
Geographic
Coordlnatos
Station Station ID tat. Long.
Thule 41 76.55 291.17
Resolute Bay 12 74.70 265.10
Godhaven 42 69.30 306.50
Frobisher Bay 13 63.80 291.40
Helss Island 28 80.62 58.051sfJord 22 78.06 13.63
Longyearbyen 43 78.20 15.70
NP-13 (Aug.65) 39 80.25 159.30
UP-13 (Nov.65) 35 80.50 149.70
UP-13 (Oct.64) 38 77.27 181.58
UP-13 (Mar.65) 37 77.93 167.32
UP-13 (Jan.65) 36 77.27 169.63
Cape Chelyuskin 29 77.  eo 104.30
Cape Znelanla 30 77.00 68.601nuvlk 48 6 e . 3 5 226.20
Church!11 14 58.80 265.80
Gar 1 2 69.60 219.80
Barrow 1 71.60 203.60
Great- VJhale River 15 55.28 282.17
Dixson Island 31 73,50 60.40
Cape Jones 16 54.01 280.99
Fort Yukon . 3 66.57 214.75
Royjavi k 21 64.10 338.20
Ando/a 44 69.30 16.10
Tronso 23 69.70 19.00
Tlxle Day 32 71.60 128.90
Co 11ege 4 64.87 212.20
fatzebue 6 66.90 197.50
K!runa 24 67.eo 20.40
Lc-parskaya 45 68.25 33.08
Arcd© rrra 33 69.77 61.68
Mcosonoo 17 51.50 279.33
Healy 5 64.00 211.00
|Paxson 7 63.04 214.50
j Sodankyla 27 67.40 26.60
f.'orllsk
[Appatlty
46 69.43 88.09
40 67.55 33.30
Prlnco Albert’ 18 53.20 254.30
Talkeatna 8 62.30 209,90
Sal el-hard 34 66.50 66.70
Lycksele 25 64.70 18.80
Sheep fountain 9 61.82 212,50
Anchorage 10 61.20 210.15
Bale St. Paul 47 47.38 289.45
W l1dxood II 60.56 208.75
Val O'or 19 48.00 282.20
Ottawa 20 45.40 284.10
Uppsala 26 58.85 17.92
Afferent Coordinate
Geomagnetic 
(Centered Olpole)
Coordinates
Lat. long.
Table X
Systems for 46
1965
"Corrected"
Geomagnetic
Coordinates
Lat. Long.
Observatories In the
1970
"Corrected"
Geomagnetic
Coordinates
Lat. Long.
Northern Hemisphere
Eccentric Invariant 
Olpole Geomagnetic 
Coordinates Coordinates
Lat. Long. Lat. Long.
L
V a 1 ue
88.05 1.16 86.0 37.8 85.97 33.14 84.61 198.02 85.7 39.8 177.85
82.96 289.19 84.3 306.0 84.14 304.32 83.32 311.44 84.1 310.7 94.63
79.96 32.04 77.7 43.6 77.68 41.71 76.24 225.49 77.25 46.1 20.53
75.30 0.52 74.9 14.7 75.15 1 1.66 72.31 355.16 74.9 16.7 14.73
71 .07 155.50 74.6 144.3 74.32 143.15 72.34 244.64 74.6 146.8 14.18 1
74.58 126.92 74.6 1 13.9 74.99 1 13.48 73.94 106.45 74.9 116.75 14.73
74.36 130.94 74.5 115.2 74.90 114.93 73.81 108.01 74.75 117.95 14.45
70.62 202.40 74.3 207.4 74.40 207.19 73.83 188.69 74.15 210.15 13.40
70.18 200.10 74.2 200.8 74.27 201.45 73.26 183.15 74.05 204.40 13.24
69.27 219.48 72.9 224.4 72.91 224.69 73.69 207.95 72.9 227.65 11.56
69.25 209.38 72.6 215.4 72.57 215.65 72.57 197.54 72.3 218.8 10.81
68,62 213.77 72.0 217.5 72.04 217.98 72.24 20C.13 71.85 221.0 10.30
66.30 176.50 71.3 173.9 71.64 174.20 63.48 159.31 71.18 177.46 9.61
67.90 156.90 71.1 147.5 71 .48 147.39 68.27 221.62 71.1 151.4 9.53
70.41 264.63 71.1 268.4 71.08 267.71 72.64 264.14 71 .1 272.25 9.53
68.70 322.70 70.3 325.9 70.26 325.85 67.55 322.84 69.9 331.15 8.47
70.20 256.90 70.2 261.3 70.88 260.75 72.79 255.17 70.85 265.55 9.2968.86 240.95 69.7 247.0 69.92 246.49 71.99 235.88 69.9 250.65 8.47
66.59 347.29 63.2 353.8 67.97 353.63 64.26 344.74 67.55 353.95 6.66
62.98 161.44 67.9 154.7 68.27 154.53 64.28 144.50 67.75 153.2 6.97
65.26 345.S7 67.2 350.1 66.79 351.62 63.02 343.14 66.4 356.85 6.24
66.63 256.84 67.1 260.7 66.99 260.14 69.16 253.85 66.9 264.7 6.50
70.16 70.82 66.5 71.2 66.76 69.38 66.96 56.72 66.35 72.7 6.21
67.30 113.94 66.1 103.1 66.61 102.45 65.90 95.87 66.45 105.55 6.26
67.14 116.60 66.0 105.2 66.78 104,84 65.87 98.53 66.55 108.1 6.31
60.45 191.35 65.6 195.2 65.84 195.40 63.05 177.80 65.1 198.5 5.64
64.62 256.51 64.9 260.3 64.84 259.68 67. 14 252.93 64.75 264.3 5.49
63.71 242.16 64.4 247.5 64.32 247.16 66.67 236.36 64.1 251.4 5.24
65.27 115.60 64.3 104.0 64.77 104,23 63.92 97.97 64.6 106.9 5.43
63.47 125.78 64.0 115.5 64.42 113.87 62.73 108.13 64.25 117.0 5.29
61.00 147.70 63.9 137.5 65.09 137.26 61,47 130.26 64.65 140.75 5.45
62.68 344.08 63.3 348.7 64.40 348.81 60.56 340.97 64.05 354,2 5.22
63.63 256.58 63.7 260.2 63.78 259.54 66.11 252.57 63.45 264.2 5.00
63.45 260.47 63.5 263.6 63.48 262.93 65.75 257.11 63.35 267.6 4.97
63.79 120.00 63.4 108.9 63.93 108.46 62.73 102.53 63.65 111.45 5.07
58.40 164.80 63.4 159.5 64.60 160.08 59.93 159.09 63.65 163.5 5.07
62.80 125.28 63.09 1 14.0 63.73 113.54 62.03 107.92 63.5 116.75 5.02
61.69 310.93 62.2 311.2 62.86 31 1. 12 61.26 '' 309.43 62.55 316.45 4.70
61 .89 257.00 61.9 260.9 <51.88 253.40 64.29 252.90 61.75 264.4 4.46
57.01 148.50 61.8 140.4 61.07 140.17. 57.06 132.76 61.35 143.65 4.35
62.77 111.03 61.2 101.4 61.79 100.77 61.25 94.35 61.7 103.65 4.45
61.95 259.77 61 .0 262.9 6| .92 262.22 64.25 256.01 61.75 267.15 4.46
60.93 258.17 60.8 261.3 60.83 260.74 63.26 254.03 60.65 265.55 4.16
58.87 357.97 60.6 4.4 60.14 4.07 56.31 353.06 59.85 9.40 3.96
60.07 257.42 59.7 260.6 59.91 260.04 62.41 253.06 59.7 264.85 3.93
59.32 348.52 59.3 352.7 61 .00 353.09 57.09 344.39 60.55 358.45 4.14
56.80 351.52 58.9 355.4 58.52 355.63 54.51 346.56 58.15 361.15 3.59
58.51 106.23 56,4 98.0 55.93 96.96 55.86 84.14 55.75 99.5 3.16
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the coordinates of the geomagnetic pole. The centered dipole coordinates 
of the stations used in this study are given in Table X.
7.3.2 Corrected geomagnetic coordinates Cl965)
This system of geomagnetic coordinates is based on a correction 
applied to the centered dipole representation of the geomagnetic 
field. Hultqvist (1958) used the first five terms of the spherical 
harmonic expansion of the magnetic potential rather than just the 
dipole term, to represent the geomagnetic field. Hakura (1965) applied 
the results of Hultqvi.st to derive what he termed corrected geomagnetic 
coordinates (CGM). In deriving the coordinate transformation, he 
used the equations: .
/A2 (0) + P2 CQ) 180a = ---- :-----— ------a tt
a = 6371.2 kilometers 
P(0)s in£ =
/A2 (Q) + P2 (0)
r A(0)cos£ "
/A2 (Q) + P2 (0)
8 = ———• cos '(cosQcosa + sin9s?nacosC) c TT
An ISO . -I. .AA   sin (s inetsi nt,/s i no )
it c
4> = 90° - 6 c c
A = AA + A c
where (4>c,8c) are the corrected geomagnetic coordinates; A(0), P(0) 
are components of the displacement of the 'real' field line along and 
perpendicular to the meridian of the dipole field line; and A is the 
dipole longitude.
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Hakura (1565) presented tables of corrected geomagnetic 
coordinates as a function of geographic coordinates for two degree 
intervals in latitude and five degree intervals in longitude. An 
interpolation, formula was given to find the corrected coordinates 
for any point in the higher latitude regions. He also calculated the 
corrected coordinates for a large number of principal geophysical 
observatories. Mayuad (I960) has drawn polar maps in centered dipole 
geomagnetic coordinates over which he has superimposed the corrected 
geomagnetic system. "
The corrected geomagnetic coordinates for the stations used 
in this study are tabulated in Table X. Mote that major differences 
between the two systems occur near 130°E and 340°E geographic 
longitude; for example, in the centered dipole system the latitude of 
Tixie Bay is 60.4° while in the CGM system.the latitude..is-65.6?N.. 
Similarly, the latitude of Reyjavik changes from 70.2° in the centered 
dipole system to 66.5° in the corrected geomagnetic system.
7.3.3 Corrected geomagnetic coordinates (1970)
Gustafsson (1970) has updated Hakura’s (1955) computation of the 
corrected geomagnetic coordinate system. He utilized the Goddard 
Space Flight Center field 12/66 for epoch 1965 and added two terms 
to the spherical harmonic expansion used by Hultqvist (1958) in his 
derivation. In the manner of Hakura, Gustafsson also tabulated the 
geomagnetic coordinates as a function of geographic latitude and 
longitude. Figure 7.1 represents a polar geographic grid with the 
corrected geomagnetic system superimposed thereon.
R ep ro d u ced  w ith perm ission o f the copyright ow ner. F u rth er reproduction prohibited w ithout perm ission .
Figure (7.1) A polar projection in geograohic coordinates 
with the corrected geomagnetic coordinate 
• system superimposed (after Gustafsson, 1970).
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For purposes of comparison, the CGM coordinates were calculated 
for the 48 stations of Table X. The tabular values of Gustafsson • 
were used to'derive a map projection which is used in the following 
data presentation. These values were also stored on magnetic tape 
and used in conjunction with a computer program (CORRGM) for calculating 
the CGM coordinates of any station CJ. Dryden, private communication).
7.3.4 The eccentric dipole coordinate system
Cole (1963) derived equations for the transformation of geographic 
coordinates into eccentric dipole coordinates by means of the equations:
I,Csin6cost~X) + m,(sin0sinb-Y) + n_(cos9-Z)
cot©’ =
[Cl | (sinScosd-X) + rnj'Csin6sincj>-Y) + n|(cos8-Z)j + 
C^tsinecost-X) t m2 (sinesin<<!-Y) + n2 (cos8-Zj]2j
12 (s i n8cos<j>-X) + m2 (sin9sint-Y) + n2 (cos0-Z)
tan<{>’ = --------------------------------------------------
Cl j CsinScost-X) + n)| Csin6sin$-Y) t n|(cos0-Z)H
where 6 is the geographic co-latitude and 6 is geographic longitude.
The transformation constants are defined as: ■
I| = -0.5145 mj = -0.8481 n ] = -0.262
12 = 0.8543 m2 = -0.4947 n2 = -0.1596
13 = 0.0728 m3 = -0.1894 n3 = 0.9791
X = -0.0577 Y = 0.0320 Z = 0.0184
According to Chapman and Bartels (1940) "in the Northern Zone
(25°-65°N) the approximation (to the geomagnetic field) furnished 
by the eccentric dipole is even a little inferior to that furnished by 
the centered dipole.” This is borne out in Table X where the eccentric
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dipoie coordinates are compared with other coordinate systems. The 
discrepancy appears to be greatest in the Alaskan sector where the 
eccentric coordinates yield latitude values some two degrees greater 
than other coordinate systems.
7.3.5 The invariant geomagnetic coordinate system
Evans et al. (1959) have calculated a system of invariant 
magnetic coordinates for six different altitudes. They used a computer 
program to trace out field lines in space as a function of geographic 
coordinates of points on the field line. They present tables of 
geographical latitude and longitude at six altitudes for 5° intervals 
of invariant geomagnetic latitude and 10° intervals of invariant 
geomagnetic longitude. The invariant geomagnetic coordinates for 
each station and the corresponding L-value are listed in Table X.
Note.that this coordinate system corresponds quite closely 
to the corrected geomagnetic coordinate system described previously. 
Although minor differences in latitude can be noted, the principal 
difference is an approximately 3° shift in longitude brought about by 
the definition of the 0° meridian in the invariant system.
The Mcllwsin L-values were derived from the invariant magnetic 
latitude of each station using the equation 
L = I/Ccos9)2
where 0 is the invariant magnetic latitude. The values of invariant 
magnetic latitude and longitude were derived from the tables given by 
Evans et al. (1969) using an interpolation algorithm. This algorithm
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(see Appendix B) determined the invariant coordinates through an 
interpolation of the geographic coordinates. The computations were 
performed on an InterData mode I-4 computer.
7.4 Choice of Coordinate System
For the purposes of the study undertaken here, the corrected 
geomagnetic coordinate system was selected in which to display the 
synoptic motions of the absorption substorm. A determining factor 
in the choice of coordinate systems was the degree of difficulty 
involved in transforming from geographic to geomagnetic coordinates. 
The tables provided for this purpose by Evans et al. (1969) were 
found to be exceedingly cumbersome to use, in contrast with the 
corresponding tables of Hakura (1965) or Gustafsson (1970).
R ep ro d u ced  w ith perm ission o f the copyright ow ner. F u rth er reproduction prohibited w ithout perm ission .
A SYNOPTIC STUDY OF FIVE SU3ST0RMS DURING THE IQSY
8 . 1 Introduction
In the following analysis, the contour plotting technique 
described in the previous chapter is used to illustrate the development 
of the absorption substorm. For this analysis, data were obtained 
from more than two dozen observatories at auroral latitudes in the 
Northern Hemisphere. The density of these observatories is such 
that the predominant motion to be considered herein is the longitudinal 
motion. In general the latitudinal motion and extent of the contours 
will not be considered relevant. A coding system has been used to 
identify the observatories; these observatories are listed in Table X.
8.2 The Substorm of November 7, 1965
The polar substorm, which began shortly before lO 1^ UT on this 
date, was of moderate size; the planetary magnetic index attained 
a value of 3+ during the interval 09^ to 12^ UT. However, the onset 
of the polar magnetic substorm was quite intense: negative excursions 
of the H-component were observed between 0957 and 1000 UT at Cape Welien, 
Barrow, College, and Sitka. At College and Barrow, the amplitude of 
the negative-bay was in excess of 750 y (see Fig. 8.1). Positive 
increases of the H-component were noted at Dixson Island, Cape 
Chelyuskin and Heiss Island (ail located in the afternoon sector) between 
10 and I l^1 UT. No significant activity was recorded at observatories 
located in the late morning or noon sectors.
CHAPTER 8 '
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F i g u r e  ( 8 . 1 )  A c o l l e c t i o n  o f  m a g n e t i c  r e c o r d s  (H o r  X
component )  f rom m a g n e t i c  o b s e r v a t o r i e s  in
t h e  N o r t h e r n  He m isph ere  on November  7 ,  1965.
The auroral absorption substorm began at 0955 UT when a sudden 
increase in absorption was registered almost simultaneously at Bar I, 
Fort Yukon, College, Mealy, and Kotzebue. The precipitation region 
expanded rapidly; absorption onsets occurred at Prince Albert (62.2°N, 
3il.2°E) at 1003 UT and North Pole-13 (74.2°N, 200.8 °E) at 1006 UT. 
Thus, within 10 minutes cf the substorm onset, precipitation was 
recorded over i 10 degrees of longitude and 12 degrees of latitude.
At Talkeetna (6I.9°N), the only Alaskan station where overcast 
conditions did not prevail, equatorward motions were observed by the 
a I I-sky camera from 0956-0957 UT.
Prior to the onset of the substorm (0950 UT) no significant ab­
sorption is observed within the auroral region (see Figure 8.2). There 
were, however, small precursor events recorded at Fort Yukon and 
College around 0900 UT. The substorm appeared to develop f’-om a 
source region centered near Fort Yukon (67.I°N) where the absorption 
magnitude was greatest (6.9 db, see Figure 8.3). The absorbing region 
grew rapidly (Figure 8.4) and by 1010 UT extended from NP-13 to 
Moosonee (63.8°;M, 348.7°E) (see Figure 8.5). At this time regions in 
which the absorption exceeds 2 db were located at 74° latitude over NP- 
(4.3 db), at 57°N in the Alaskan sector and at 63°N over eastern Canada 
At 1020 UT (Figure 8 .6 ) the magnitude of the absorption had decreased 
in the evening sector, but remained constant over eastern Canada. The 
continuing eastward drift'can be inferred from the extent of the I db 
contour beyond Iceland (point 21). Approximately 40 minutes after the 
onset of the substorm (1035 UT) the absorption had drifted nearly to
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CONTOUR PLOT OF RURSRRL RSSSRPTICN 
NBVEH3SR 7 .1 S S 5  0350 U T
D U C T E D  GSESSSETIC CeEBIHflTES 
CCNTSUR INTERVAL ® 0.5 03
Figure (8.2) In this diagram and the similar diagrams which follow, 
contours of auroral absorption over the Northern Hemisphere have been 
constructed for selected intervals of time. The numbered points on 
the map'denote observatories from which data may have been available. 
These observatories are identified in Table X. The plastic overlay 
•with continental outlines can be used for reference. This figure ' 
contains data for 0950 UT on November 7, 1965. *
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CCNTGUB FL0T CF RUR3RRL RSSSRPTICN 
N3VEK3ER 7.1SS5 0SS5 UT
C£Rn£CT£Q GE8H8GTETIC C6GR3IN8TES 
CGNTGlin IiVTERVRL = 0.5 D3
Figure (8.3) Contour map for 0955 UT on November 7, 1955.
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C O N T O U R  P L S T  O F  R U B 8 R R L  R S S O R P T I C N
N O V E M B E R  7 . 1 S 5 5  1 C O O  U T
CORRECTED GECM8GNETIC CQGRDINRTES 
CONTOUR IN Tc n V ? ! -  0 .5  HR
Figure (8.4) Contour map for 1000 Ur on November 7, 1965.
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C O N T O U R  P L O T  O F  f i U R O R S L  R 3 S 0 R P T I 6 N
N O V E M B E R  7 . 1 S 8 5  1 0 1 0  U T
CORRECTED GEOMAGNETIC COORDINATES 
CONTOUR INTERVAL = 0.5 D3
Figure (8.5) Contour map for 1010 UT on November 7, 1965.
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CONTOUR PLOT OF AURORAL ABSORPTION 
N0YEH5ER 7.19S5 1020 UT
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CORRECTED GEOMAGNETIC CCSrO IN ATES 
C6)1TGUR INTERVAL = 0 .5  IB
Figure (8 .6 ) Contour map for 1020 Ui on November 7, 1965.
R ep ro d u ced  w ith perm ission o f the copyright ow ner. F u rth er reproduction prohibited w ithout perm ission
142
the neon meridian; the magnitude of absorption had increased beyond 
2 db in Iceland, and had decreased slightly in Alaska (see Figure 8.7). 
Ten minutes later at 1045 UT (Figure 8.9) more than I db of absorption 
had been recorded at TromsjS and in excess of 3 db at Reyjavik, Iceland. 
At 1055 UT (Figure S.9) maxima were still centered near Reyjavik and 
Tromsg5 at which time additional maxima occurred near Arnderma and NP-13. 
By 1125 UT only a small amount of absorption (< 0.7 db) was observed in 
Alaska; the greatest amount was recorded at Reyjavik (2.3-db) (see 
Figure 8.10) while 1.2 db was recorded at Arnderma (63.9°N, 137.5° E) 
nearly 240 degrees east of the meridian at which the substorm was 
first observed. At 1150 UT (Figure 8.11), the most intense region 
of absorption was centered near Reyjavik (66.5°N, 71.2°E), now located 
near the noon meridian.
During this substorm, absorption was observed as far equator- 
ward as Uppsala (54.4°N), which was located in the noon sector, and 
poleward as far as NP-13 (74.2°N), which was located in the evening 
sector. No absorption was recorded at high latitude stations such as 
Thule, Resolute Bay, Heiss Island or Isfjord. The magnitude of absorp­
tion did not exceed 0.5 db at Anchorage (60.8°N) in the midnight sector, 
at Ottawa (58.9°N) in the morning sector, or at Salekhard (6 I.8°N) and 
Uppsala in the noon sector.
It is inferred that the absorption observed at NP-13 during this
event was associated with the westward traveling auroral surge (Akasofu
et al., 1965, 1965). Morphologically, the event is of the type usually
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Figure (8.7) Contour map for 1035 UT on November 7, 1965
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C O N T O U R  P L O T  O F  R U R G R f S L  R 8 S 0 R P T I 0 N
N O V E M B E R  7 . 1 S S 5  1 G ^ 5  U T
C® TO UR  INTERVAL «  0 .5  08
Figure (8 .8 ) Contour map for 1045 UT on November 7, 1965.
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CONTOUR PLOT OF RUBORRL R5S0RPTIGN 
NOVEMBER 7.1265 1055 UT
CORRECTED GEOMAGNETIC COORDINATES 
CONTOUR INTERVAL = 0.5 DS
Figure (8.9) Contour map for 1055 UT on November 7, 1965.
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HOVEHSEB 7 .1 2 3 5  1125 U T
Figure (8.10) Contour map for 1125 UT cn November 1, 1965.
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observed during the passage of an intense surge. Furthermore, NP-13 
was located within the auroral oval at the time of the substorm, whereas 
at l'ixie Bay ' (65.6°N, 195.2°E), located nearly on the same meridian as 
NP-13, but near the center of the auroral zone, no absorption > 0.5 db 
was recorded. Farther to the west, but slightly lower in latitude (than 
NP-13) positive bays in the H-component were recorded at Cape Chelyuskin 
and Dixson Island. According to Akasofu (1958), this is evidence that 
a surge propagated along the auroral oval poleward of the station. At 
Heiss (144.3°E) and Isfjord (!!3.9°E), both situated within the auroral 
oval in the afternoon sector, no absorption was recorded. However, 
the WTS propagated at least as far west as the I9*"1 meridian. This ■
suggests that: (I) the surge "died out" before reaching the noon 
meridian, or (2 ) that the surge and absorption were contained in an
extremely narrow latitude range.
j-j
Beyond the 06' meridian, toward the noon sector, the absorption 
occurred well equatorward of the aurora! oval, more nearly within the 
aurora! zone. Absorption exceeding ! db was recorded at Reyjavik, 
TromsgS, and Amderma, oil typical auroral zone stations.
8.3 The Substorm of October 9, 1964
During the polar substorm which began near 08^ UT the Kp index 
reached 4+ during the interval 06-09^, decreasing to 3 between 09— 12^
UT. At Meanock (62.6°N, 300.8°E), the polar magnetic substorm was 
first recorded at 0758 UT when a negative bay event of 600 y amplitude
was recorded (see Figure 8.12). Negative bays were observed throughout
the evening sector at College, Sitka, Barrow, NP-13, and Cape Wellen
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and at Churchill in the morning sector. At Barrow, a sharp negative 
deflection of 1350 y occurred at 0805 UT while simultaneously a 500 y 
positive deflection was seen at College. At the same time, a positive 
deflection of 125 y (in the H-Cornponent) was recorded at Mould Bay 
(8G.6°N, 263.5°E). Positive bays (AH = 250-300 y) were observed in 
the afternoon sector at Dixson, Chelyuskin, and Tixie. No significant 
activity was observed in the noon sector except at Troms^ and Murmansk 
where smalI positive bays were seen at 0830 UT.
The onset of the auroral absorption substorm was not well defined 
maximum absorption occurred almost simultaneously at Point Barrow and 
Prince Albert, separated by nearly 65° in longitude. At Fort Yukon, 
a large absorption increase occurred at 0804 UT; again, what might be 
considered precursor events were observed at both Fort Yukon and 
Co!lege between 0730 and 0815 UT. The onset of this substorm is 
assumed to have occurred 15-30° east of the College meridian (260°E).
At 0755 UT (Figure 8.13) absorption appeared to be centered 
near Fort Yukon and Moosonee; little change occurred over the next 
5 minutes as the same pattern existed at 0800 UT (Figure 8.14).
Between 0805 and 0810 UT the magnitude of absorption increased at 
Moosonee (Figures 8.15 and 8.16) and by 0815 UT (Figure S.17) the 
precipitation had expanded to cover Canada, Alaska, and the western 
part of Siberia. Note the intense absorption at Prince Albert,
Fort Yukon, and Moosonee. At the same time, more than 2 db was 
recorded at Tixie Bay, nearly 100 degrees west of the midnight 
meridian. A decrease in the absorption magnitude could be seen at
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Figure (8.13) Contour map for 0755 UT cn October 9, 1964.
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Figure (8.15) Contour map for 0S05 UT on October 9, 1964.
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Figure (8.16) Contour map for 0310 UT on October 9, 1964,
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Figure (8.17) Contour map for 0315 UT on October 9, 1964.
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0820 UT (Figure S.IS); five minutes later at 0825 UT (see Figure 8,19) 
the intense region of absorption previously centered over Prince Albert 
had drifted to Fort Yukon and Mcosonee. Note that absorption was re­
corded at Val D'or (59.3°N) and Ottawa (58.4) in the morning sector, 
and at Anchorage (60.S°N) in the evening sector. By 0900 UT (Figure 
8.20) a region in which the absorption exceeds 2 db extended from Barrow 
in the evening sector to Tromso, Kiruna and Arnderma in the noon sector.
At Dixson Island (67.9°N, I54.7°E5 maximum absorption of approximately 
I db was seen; at Cape Chelyuskin, situated at a somewhat higher latitude 
(71.3°), no absorption greater than 0.3 db was recorded at any time 
during the substorm.
Figure 8.21 illustrates the substorm development at 0905 UT; in 
the European sector, the absorption appeared to be growing in intensity 
while in the Alaskan and Canadian sectors it was decreasing. This is 
seen more clearly at 0920 UT (Figure 8.22) at which time more than 
4 db of absorption was recorded at TromseS, Kiruna, and Sodanklya. It 
should be noted that these stations are situated near the noon meridian 
and well equatorward of the oval. The absorption persisted near Kiruna 
and Troms^ until lO 1^ (see Figure 8.23) at 0935 UT and Figure 8.24 at 
0950 UT). At !0 i 0 UT, 3.4 db existed at Kiruna and Tromsd while 2.7 db 
was recorded at Co! lege and Healy, more than 150° to the east (see 
Figure 8.25). It is suggested that the absorption recorded in the 
Alaskan meridian at 1010 UT may have resulted from the gradient drift of 
electrons from the midnight meridian, past the noon meridian and back 
to the midnight sector.
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Figure (8.19) Contour map for C :?:. UT on October 9, 1964.
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Figure (8.20) Contour map for 0300 UT cn October 9, 1964.
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Figure (8.21) Contour map for 0905 UT cn October 9, 1964.
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Ficure (8.22) Contour map for G920 UT on October 9, 1964.
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Figure (8.24) Contour map for 0950 UT on October 9, 1964.
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Figure (8.25) Contour map for 1010 Ul cn October 9, 1954.
R ep ro d u ced  w ith perm ission o f the copyright ow ner. F u rth er reproduction prohibited w ithout perm ission .
Although the absorption seen at 1010 UT persisted until 1020 UT 
(Figure 3.26), the magnitude had decreased. At 1035 UT (Figure 8.27)
2.6 db was recorded at Prince Albert, 50° east of the College meridian. 
Although the event seen at College and Healy at 1010 UT could be 
interpreted as the onset of a second substorm, there is no evidence 
of a poleward expansion in the Fort Yukon riometer record. Note also 
that the time delay between maximum absorption at College and Prince 
Albert was considerably longer than it was for the November 7 event 
(25 minutes versus 10-15 minutes).
A significant feature of this substorm is the absorption associated 
with the westward traveling surge; associated absorption events were 
observed at Fort Yukon at 0803 UT, Point Barrow at 0807 UT and at NP-13 
at 0817 UT. The westward expansion of the absorbing region is well 
defined on the maps in Figures 8.16, 8.17, and 8.18 covering the period 
0810-0820 UT; at 0810 UT 2.5 db of absorption was observed at Point 
Barrow; at 0815 UT >2 db was recorded at NP-13. At 0820 UT, maximum 
absorption of 1.75 db occurred at Tixie Bay. Except for Tixie each of 
these stations is located within the auroral oval at 08*1 UT. At College 
only a small event was observed; at this time College lies just equatcrwar 
of the auroral oval and it is assumed that the westward traveling surge 
propagated along the oval and "therefore poleward of College. It should 
also be noted that no absorption was observed at Kotzebue (64.4°N,
247.5°E) which also lies outside the auroral oval. The fact that a 
negative bay was recorded in the H-ccmponent of the College magnetogram
h h IIbetween 08' and 12 UT is attributed to the larger "field of view of
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Figure (8.27) Contour map for IC35 UT on October 9, 1964.
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the magnetometer. In fact, a positive excursion of the H-ccmponent, 
superimposed on the negative bay, was observed at approximately the 
same time the surge was assumed to have propagated over Fort Yukon. ’
During the period of the substorm, absorption was recorded at 
isfjord, located within the auroral oval at 08*1 UT, but since the ab­
sorption began at approximately 05 UT it is assumed not to be associ­
ated with the substorm. No absorption was observed at Heiss Island 
(74.6°N, 144.3°E) farther to the east, also within the aurora! oval.
At lower latitudes, absorption was recorded at Ottawa C58.9°N) in the 
morning sector, at Anchorage (60.8°N) in the evening sector and at 
Lycksele (6!.2°M) in the noon sector. At Uppsala (56.4°N), also lo­
cated near the noon meridian, no absorption was noted.
Approximately 25 minutes after the onset of the substorm, the 
absorbing region had drifted eastward to the European sector; the in­
creasing eastward drift of the absorbing region was evidenced by absorp­
tion onsets at Arnderma (0820) and Norilsk C0825). In the same sector, 
but at a somehwat higher latitude at Cape Zhelania (71.I°N, 147.5°E), 
no absorption which could be attributed to the substorm was observed.
At Tixie Bay (65.6°N, 195.2°E), absorption was observed prior to 08^
UT with maximum absorption occurring at approximately 0820 UT, The 
maximum absorption coincides in time with the expansion of the precipi­
tation region along the auroral oval to the Tixie Bay longitude; it
should also be noted that the region of most intense absorption on the 
h hdayside (06 -18 ) was located at the noon meridian. Another interesting 
feature of this substorm is that absorption was recorded prior to the
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onset at Isfjord and Cape Zhelania. Both of these stations are located 
north of 70° corrected geomagnetic latitude.
8.4 The Substonn of March 26, 1965
The level of activity associated with the polar substorm which 
commenced at approximately 08 UT on March 25, 1965 was very similar 
to that of the substorm of October 9, 1964; the Kp index between 06 
and 09*1 UT was 4- and during the interval 09— 12^ UT, 2+. The onset 
of the polar magnetic substorm was first observed at Msanook where 
a negative K225y) bay was observed at 0750 UT. At College and Sitka, 
positive bays were observed commencing at 0754 UT. At Churchill, Great 
Whale River, and Baker Lake, negative excursions of the H-component 
were observed from 0811 to 0320 UT. At Barrow and NP-13, located in 
the evening sector, negative bay onsets occurred at 0754 and 0822 UT, 
respectively, with maxima observed at 0821 and 0830 UT. In the late 
afternoon and noon sectors, no significant activity was noted (see 
Figure 8.28). ■ '
All-sky camera data we re availab Ie only from Bar-1, although no rio­
meter was operating there at the time. At 0803 UT, corresponding in 
time to the increase in absorption at Fort Yukon, a WTS was initially 
observed. The film was saturated during the next several minutes, un­
til the WTS had propagated out of the field of view.
As in the previous example, the onset of the auroral absorption, 
substorm was not well defined at any of the 30 stations used in this 
analysis. Significant (>ldb) absorption was first noted at Prince 
Albert aT 0757 UT and at Fort Yukon at 0803 UT; it is assumed that the
R ep ro d u ced  w ith perm ission o f the copyright ow ner. F u rth er reproduction prohibited w ithout perm ission .
Reproduced 
with 
permission 
of the 
copyright owner. 
Further reproduction 
prohibited 
without perm
ission.
26 M A R C H  1965
O
F i g u r e  ( 8 . 2 8 )  A c o l l e c t i o n  o f  m a g n e t i c  r e c o r d s  (H  o r  X 
c o m p o n e n t )  f r o m  m a g n e t i c  o b s e r v a t o r i e s  i n  
t h e  N o r t h e r n  H e m i s p h e r e  on  M ar c h  2 6 ,  1965.
absorption substorm originated near the midnight meridian (i.e. east 
of College) between 0750 and 0755 UT. At 0755 UT (Figure 8.29) no absorp­
tion greater than 0.5 db was observed anywhere over the polar regions; 
by 0805 UT (Figure 8.30) the absorbing region extended to Cape Jones in 
the morning sector and to Fort Yukon and College in the evening sector. 
Five minutes later at 0810 UT (Figure 8.31) the magnitude had decreased 
in the Alaska sector and increased somewhat in the Canadian sector. Due 
to a lack of observatories east of the Canadian chain, the eastward 
drift could not be readily followed. At 0815 UT (Figure 8.32) the 
intensity of the substorm began to increase again, as evidenced by 
increased absorption over Canada and Alaska; at 0820 UT absorption 
exceeding 2 db was recorded at both Troms6 and Point Barrow (Figure 
8.33). Absorption in the Canadian sector was greater than I db only 
at Moosonee. At 0830 UT (Figure 8.34) absorption was recorded at 
Arnderma (2.0 db) and appeared to be growing in intensity at Tromss$.
In the Canadian sector, more than I db was observed at Cape Jones,
Prince Albert, Moosonee, and Great Whale River while less than 0.5 db 
was seen in the Alaskan sector. While it is not well defined on the 
map, an absorption onset was observed at NP-13 (72.6°N, 215.4°E) at 
this time. Approximately 30 minutes after the onset of the substorm 
(0850 UT), absorption was recorded at Norilsk (63.4°N, 159.5°E) in 
central Siberia (see Figure 8.35). Absorption on the order of I db 
wascbserved in Canada and Alaska while at the same time the magnitude 
of absorption was increasing in the noon sector. By 0900 UT (Figure 
8.36) the intensity of the absorption had decreased over Alaska
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Figure (S.29) Contour map for 0755 UT on March 26, 1965.
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Figure (8.34) Contour map for 0330 UT on March 26, 1965.
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Figure (8.36) Contour map for 0900 UT on March 26, 1965.
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(<1,0 db), while increasing at the noon meridian. At Amderma more 
than 3.0 db was recorded ’while absorption at Dixson reached nearly 
1.0 db. In the afternoon sector, a maximum (1.35 db) was reached at 
Tixie. The pattern had changed very little by 0910 (Figure 8.57) UT 
although the maximum absorption occurred near Tromse). Fifteen minutes 
later at 0925 UT (Figure 8.38), the intensity of absorption had decreased 
in all sectorq, and by 0950 UT (Figure 8.39) absorption greater than I 
db occurred only at Amderma and Norilsk, located in the noon sector.
At 1000 UT (see Figure 8.40), absorption began to increase at Isfjord 
and by 1015 UT had reached a maximum of 2.1 db while at the same time 
more than I dbwas recorded at Sodanklva, Dixson, Amderma, Norilsk, and 
Loparskaya (Figure 8.41). It is interesting to note that Isfjord is 
located within the auroral oval at this time. At Cape Zhelania, just 
equatorward of the oval, absorption maximized at 0915.
During this substorm absorption occurred at several high latitude 
stations: NP-13 (72.6°N) in the evening sector; Isfjord (74.6C>N) in
the noon sector; Cape Zhelania in the afternoon sector; and at Frobisher 
Bay (74.9°M) in the morning sector. However, no absorption was 
recorded at Cape Chelyuskin (7I.3°N), P,esoIute Bay (84.3°N) or at 
Thule (86.0°M). At lower latitudes no absorption greater than 0.5 db 
was observed at Val D’or or Ottawa in the morning sector. However 
in the noon sector, nearly i db was recorded at Salekhard (6I.8°N) 
and Lycksele (6I.2°N).
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Figure (8.37) Contour map for 0910 UT on March 26, 1965.
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Figure (8.40) Contour map for 1000 UT on March 26, 1965.
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Figure C8.4I) Contour map for 1015 UT on March 26, 1965.
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8.5 The Substorm of January 14, 1965
Accompanying the polar substorm which commenced at approximately 
I UT on January 14, 1955 was the lowest level of magnetic activity 
which occurred during the substorms studied herein; the Kp index was 
2+ during the interval 09^-15^ UT. At College, Barrow, Sitka, and 
Churchill, slowly decreasing negative bays of maximum amplitude 300 
gamma were observed. Wo significant activity was seen at Meanook or 
Great Whale. In the midnight sector, an H-component decrease of 350 
gamma was seen at NP-13 (72.0°N), situated near the poleward edge of 
the auroral oval at 1115 UT. At Cape Chelyuskin, v|500 kilometers west 
of NP-13 and also in the oval, an indented positive bay (Meng and 
Akasofu, 1967) occurred. A 250 y positive bay was recorded at Heiss, 
located in the afternoon sector (see Figure 8.42).
The onset of the auroral absorption substorm is not accurately de­
fined from the available data. From the magnetometer data presented 
' in Figure 8.42 it is inferred that the onset of the substorm occurred 
between 1110 and 1115 UT, 30° -60° west of the College meridian.
Between 1115 and 1130 UT, the only absorption registered in the 
Northern Hemisphere was over Alaska (Figures 8.43, 8.44, and 8.45), 
although at Churchill and Caps Jones, an increase was noted by 1130 UT. 
At 1135 UT (Figure 8.45), absorption had reached 3.4 db at Fort Yukon, 
2.8 db at College, and 1.9 db at Healy while 90° to the west, a sharp 
• spike of 1.9 db 'was seen at Cape Chelyuskin, ihe event at Chelyuskin 
is coincident with the indented positive bay recorded in the H-compo­
nent and provides evidence of an intense WTS passing near Chelyuskin.
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Figure (8.43) Contour map for 1115 UT on January 14, 1965.
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Figure (8.44) Contour map for 1120 UT on January 14, IS65.
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Figure (8.45) Contour map for 1130 UT on January 14, 1965.
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Maximum absorption in the early morning sector occurred at 1140 UT when
3.7 db was observed at Fort Yukon, 2.8 db at Col lege, and 2.2 db at 
Healy (see Figure 8.47). Simultaneously, in the late morning sector, 
approximately I db was seen at Cape Jones. By 1155 UT, (see Figure 
8.48) the absorption intensity was increasing in the late morning sector 
(I. I db at Cape Jones and Moosonee) while maximum absorption was reached 
at Great Whale, Moosonee, and Val D'Or. Little evidence of the substorm 
existed at 1210 UT (Figure 8.49); ebsorption was recorded only over 
Alaska and Canada at this time. At 1225 UT (Figure 8.50), no absorption 
greater than I db was registered at any station, but by 1240 UT (Figure 
8.51) maximum absorption was reached in the noon sector.
A strong absorbing region persisted at Cape Jones at 1305 UT as 
illustrated in Figure 8.52. An interesting feature was observed at 
1325 UT (Figure 8.53), when an enhancement of the absorption occurred 
throughout the entire polar region, coincident with a negative bay 
onset at Cape Chelyuskin. Shortly thereafter at 1335 UT (Figure 8,54), 
a secondary maximum in the absorption intensity was recorded in the 
Alaskan meridian. College and Fort Yukon, now located in the morning 
sector, observed more than I db of absorption. Again, this maximum 
could be interpreted as due to the .gradient drift of electrons around 
the entire auroral zone. The drift period, from maximum to maximum, 
was approximately 115 minutes.
At College, Fort Yukon, and Healy, the nature of the event maxi­
mizing at 1140 UT characterized it as the type associated with pulsa­
ting, patchy auroral forms (Parthasarathy and Berkey, 1965). Although
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Figure (8.46) Contour map for 1135 UT on January 14, 1965.
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Figure (8.47) Contour map for 1140 UT on January 14, 1965.
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Figure (8.43) Contour map for 1155 UT on January 14, 1955.
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Figure (8.49) Contour map for 1210 UT on January 14, 1965.
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Figure (8.50) Contour map for 1225 UT on January 14, 1965.
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Figure (8.51) Contour map for 1240 UT on January 14, 1965.
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Figure (8.52) Contour map for 1505 UT on January 14, 1965.
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Figure (8.53) Contour map for 1325 UT on January 14, 1965.
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Figure (8.54) Contour map for 1335 UT on January 14, 1965.
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moon light severely contaminated the film, this relationship was con­
firmed using College all-sky camera film.
The association of intense absorption with the WTS was once again 
established, even though only one station recorded the associated ab­
sorption event. Interpolation from Chelyuskin toward the midnight 
meridian provides information concerning the location of the midnight 
meridian assuming an onset time of approximately II10 UT (see Section 
9.2).
From the analysis of this event, it is possible to infer that the 
auroral oval expands and contracts as a function of magnetic activity; 
during this event no absorption was recorded at Ottawa (58.9°N), Norilsk 
(63.4°N), Uppsala (56.4°N), and Baie St. Paul (60.6°N). Maximum ab­
sorption reached only 0.45 db'at Ual D’Or, 0.36 db at Sodanklya 
(63.4°N) and 0.75 db at Prince Albert. Note that Prince Albert was 
located in the morning sector where the oval has its greatest equator- 
ward extent.
' Maximum absorption was recorded at Fort Yukon (3.7 db) located in 
the morning sector; the absorption intensity exceeded I db only at 
Fort Yukon, Barrow, College, Healy, Cape Jones, Moosor.ee, Kiruna, and 
Cape Chelyuskin. Note that with the exception of Cape Jones, Moosonee, 
and Kiruna all the stations listed previously are situated within the 
auroral oval. Furthermore, at 12^ UT Cape Jones and Moosonee are 
located very near to the 06‘ LT meridian and hence on the dayside.
Kiruna is very obviously situated near the noon meridian. In the 
evening-midnight sector, NP-13 (72.0°N) and Cape Chelyuskin (7I.3°N) 
represented the poleward .extent of the absorbing region.
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Prior to the onset of this substorm, absorption was recorded at 
Fort Yukon (1012 UT), Barrow (1020 UT), and Churchill (1035 UT). There 
did not seem to be a connection with the substorm which commenced at 
I I 10 UT.
8 .6  The Substorm of August 2, 1965
The level of magnetic activity was again very low, with Kp reach­
ing 2+ during the interval 06^ - 09^ UT and 3- between 09^ and 12^ UT.
No definite onset time could be established for the polar magnetic sub­
storm; the largest H-component deflection was observed at College, where
a 300 gamma negative decrease occurred between 09*1 and I2*"1 UT. At Heiss
h hand Chelyuskin, negative decreases were observed between 08 and !l 
UT. At Meanook, a positive increase was observed at 0830 UT. Magnetic 
activity at other locations was essentially negligible.
Although the onset of the auroral absorption substorm was not well- 
defined, the development of the AAS was similar to those storms dis­
cussed previously. Figures 8.55 - 8.62 illustrate the growth of the
substorm between 0815 and 1010 UT. Note that because of the smaller 
intensity of the storm, a contour interval of 0.25 db was used for the 
analysis. The absorption first appeared in the evening sector over 
Alaska (Figure 8.55). By 0830 UT, absorption was seen in the morning 
sector over Canada (Figure 8.56), reaching a maximum at 0930 UT (Fig­
ure 8.60) at Moosonee. At this point, the normal pattern of develop­
ment stopped, and no increase in absorption attributable to the AAS was 
seen at either Kiruna or TromssS. However, at 0935 UT an event of 2.2 
db magnitude was recorded at Amderma, followed shortly by an increase of 
absorption at Tixie, which reached a maximum at 1000 UT (Figure 8.62).
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Figure (8.55) Contour map for 0815 UT on August 2, 1965.
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Figure (8.56) Contour map for 0830 UT on August 2, 1965.
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Figure (8.57) Contour map for 0845 UT on August 2, 1965.
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Figure (8.58) Contour map for 0900 UT on August 2, 1965.
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Figure (8.59) Contour map for 0915 UT on August 2, 1965.
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Figure (8.60) Contour map for 093G UT on August 2, 1965.
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Figure (3,51) Contour map for 0950 UT on August 2, 1965.
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Figure (8.62) Contour map for 1000 UT on August 2, 1965.
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This substorm differs from the previous storms in three significant 
ways: (I) the storm occurred during the Northern Hemisphere summer, 
when the 80 km level was sunlit in the midnight meridian; (2 ) the 
accompanying polar magnetic substorm variations were less than 300 
gamma, and; (3) the development of the AAS was incomplete.
In terms of Kp and EKp, this storm was of greater intensity than 
both the November 7 and January 14 storms discussed previously. Thus 
it seems unlikely that the oval had contracted poleward beyond the 
range of the riometer network, particularly in view, of the previously 
mentioned storms. A seasonal effect, noted at College by Hook (1968), 
is more than likely responsible for the smaller magnitude of absorption 
recorded during this event.
It has also been noted that auroral absorption is more intense in 
the Alaskan meridian than at other longitudes (Waite, 1965; Rapoport, 
1970). It can then be argued that a small absorption event in Alaska 
may not even be detected near the noon meridian in Europe.
In interpreting this substorm, it is important to take into con­
sideration two facts: (I) the occurrence of the storm during the summer 
months; (2 ) the lack of intense magnetic activity at high latitude.
8.7 Critique of contouring technique
A basic criticism of the application of the STAMPEDE technique to 
the contouring of auroral absorption data is the lack of sufficient 
data points to adequately define the contours. This is, of course, 
a vaiid criticism; as a result of the distribution of geophysical ob­
servatories, the data points tend to occur in clusters, with large caps
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between the clusters. For example, only one data source exists in the 
60° of longitude between the Alaskan and Canadian meridian chains.
Even more serious is the almost complete lack of data sources within 
the 90° interval between Canada and Europe.
However, in the course of the analysis, it was found that the 
program would derive contours in the region between Canada and Alaska 
even though only a single input point was provided in the region. 
Similarly, in the one example (November 7) for which data was available 
from Reykjavik, contours were drawn between Canada and Europe. On the 
other hand, when Reykjavik data was not available, no contours were 
drawn in the region.
More serious problems afflicting the contouring technique are:
(I) the existence of an isolated station, or; (2 ) a single station 
near the boundary of the’surface being contoured. Several examples 
of the effect of theses situations can be seen in the data discussed 
previously. As an example of-the latter case, consider the contours 
drawn near Prince Albert (point 18): contour lines extend to the point, 
but never equatorward of it. The effect of an isolated point is illus­
trated in Figure 8.5. In this example an intense absorption event was 
recorded at NP-13 (point 35) on November 7, 1965. The program produced 
contours which extended over a large area, whereas in reality there 
is sufficient evidence that such absorption has a narrow latitudinal 
extent. In several of the maps, contours are developed which extend 
well into the polar region. For example in Figure 8.17 the I db contour 
is drawn at 85° N and the 2 db contour at 78°N. There is little doubt
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that such an approximation is incorrect based on absorption recorded 
at high iatitude stations such as Frobisher Bay, Thule, and Resolute.
As an experiment in modifying the map derived in Figure 8.17, the 
following modification was incorporated into the STAMPEDE program: 
after generating the grid intersections over the surface, those values 
falling in the interval 75° to 90° were assigned the value -I db. This 
value was chosen since the lowest contour drawn on the map is at 0 db. 
At this point the grid values are used as input to the contour program 
and the contour map developed. The results are illustrated in Figure 
8.63, which incorporates a smoothing polynomial as an attempt to smooth 
the 0 db contour at 75°N latitude. Modifications such as this permit 
one to control the approximations within the STAMPEDE program to a 
limited degree and thus to introduce the "human judgement" factor into 
the analysis.
It may also be possible to introduce more data points into the 
analysis by assuming a gaussian snape to the latitudinal distribution 
of the absorbing region, in the case where data for an isolated station 
is available. Such a modification was not tried.
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MODIFICATION OF 0815 UT OCTOBER 9, 1964
Figure (8.63) Modification of the contours of Figure 8.17.
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ANALYSIS OF THE MOTION OF PRECIPITATION REGIONS ,
9.1 Introduction
A regular pattern of development was observed in four of the five 
substorms studied; the predominant motions were eastward and westward.
In general, poleward motions were not resolvable on the time scale used 
in this study; however, a poleward motion was inferred from one event 
which was studied in more detail. Equatorward motions per se were not 
observed.
While the eastward drift of auroral absorption has been extensively 
studied (Jelly, 1970; Driatsky, 1970), the westward expansion of absorp­
tion during an individual substorm has not been previously documented.
In this study, the existence of westward drifting precipitation (WDP) 
has been demonstrated in four of the substorm events investigated. As 
will be shown later, the westward motion differs from the eastward 
motion in at least three significant respects: (I) occurrence at higher 
latitudes; ■ (2) no dispersion of absorption with longitude, and; (3) 
lower average rate of propagation.
9.2 Westward Motions
During the March 26 and October 9 substorms, Fort Yukon, Point 
Barrow, and the floating ice island North Poie-13 were located within 
the auroral oval in the evening sector at 08*1 UT. Cn November 7, the 
midnight meridian was located near the longitude of College while 
NP-13 was located 60° west of College, again within the auroral oval.
As the integrity of the WDP event is maintained during its lifetime, 
a relatively unambiguous determination of the propagation speed can be
CHAPTER 9
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made knowing the onset times at each station. At Fort Yukon and Point 
Barrow, the recording speed and time accuracy are such that onset times 
can be defined to within one minute. However, the onset times at NP-13 
can only be determined to within three minutes. Using the onset times 
of absorption increases at Fort Yukon, Barrow, and NP-13, the velocities 
tabulated in Table XI were derived. A rate of expansion of the absorption 
maximum was also derived and is listed in Table XI as well.
Table XI
The Expansion Rates Derived for Westward Drifting Precipitation Events
FYU - Barrow Barrow - NP-13
onset maximum onset maximum 
3/26/65 842m/s 740m/s I.72km/s l.8 8km/s
10/9/64 2.96 2.15 2.14 3.75
11/7/65 —  —  -- —
FYU - NP-13 
onset maximum
I.25km/s I.20km/s 
2.44 2.98
3.56 2.80
Derived velocities range from less than I km/sec to more than 3 km/sec 
moreover, differing expansion rates are found between Fort Yukon and Barrow 
than between Barrow and NP-13 for the same WPA event. No interpretation 
is made of the higher velocity found for the absorption maximum (i.e.
Barrow - NP-13), except that such observations are not consistent with 
a particle drift theory, since a gradual dispersion of absorption would 
be expected if such were the case. •
Using the average velocity of drift of the WDP, an estimate of the 
longitude of substorm origin can be made. Defining the substorm onset 
time as the time of the first negative deflection observed by magneto­
meters in the midnight sector, the distance along the auroral oval from
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the first station observing the WDP to the midnight meridian can be 
found. Table XII summarizes these results:
Table XI I
The Derivation of the Longitude of Substorm Origin 
For Three IQSY Substorrns
WDP onset time 
Oct. 9 0803CFYU) 0758CMEA)
Mar. 26 0803CFYU) 0754CMEA)
Jan. 14 I 130(CHEL) 1 II3CNP-I3)
WDP 
veIoc i ty
2.4km/sec
I.2 km/sec
2.5km/sec
Approximate 
Distance longitude of 
along oval substorm origin
720 km 
648 km 
2550 km
275°E
275°E
225°E
The derivation of the midnight meridian will establish a reference to 
be used later in the determination of the eastward drift velocities.
The different velocities can be compared with the magnitude of the 
H-component decrease and intensity of absorption at the observing 
station. From Table XII it is apparent that the lower expansion rates 
are associated with the less intense absorption and H-component decrease.
Table XI 11
A Comparison of the Magnitudes of Absorption Increase and 
H-ccmponent Decrease During WDP Events
Nov. 7 
Oct. 9 
Mar. 26 
Jan. 14
FYU
db
9.7
4.1
2.9
Barrow 
db y
6.8
3.75
750
1375
750
db
3.1
2.2 
0.7
NP-13
Y
325
225
Chelyuski n 
db y
500
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During the substorms of November 7, October 9, and March 26 the 
WDP events were seen from 2250 to 2460 kilometers west of the substorm 
origin; these distances are the same order of magnitude as estimated by 
Akasofu et al. (1966) for the westward propagation of the WTS. It 
should also be noted that absorption was recorded at NP-13 from II to 
35 minutes after the onset of the substorm. This corresponds with the 
duration of the expansive phase of the auroral substorm, during which 
time the WTS is observed.
Meng (1965) investigated a large number of WTS events, a summary 
of which is reported by Akasofu, Kimball and Meng (1965). He classified 
the surges as weak, medium, and intense according to their complexity 
in structure and their brightness. In general, higher propagation 
velocities were associated with the intense surges; more than 20 per 
cent of the surges investigated had speeds in excess of I km/sec. The 
greatest observed velocity was on the order of 2 km/sec (Kimball, 
private communication). It should be noted that, in contrast with the 
method used to find the speed of the WDP events, Akasofu and his co-workers 
projected successive all-sky camera frames from a single station onto 
a plane surface and computed the propagation speed from the resulting 
displacements as a function of time.
Meng (1965) also examined riometer records, where available, and 
based on a comparison of those records with the data investigated in 
this study, the WTS events assumed to be associated with the WDP events 
presented here may be classified as intense. Meng (1965) showed that 
the WTS is confined in a very narrow latitudinal region, generally less 
than 200 km in extent. The ground projection of an intense surge
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recorded at Barrow on February 22, 1958 Is shown in Figure 9.1.
Sketched on this figure are the antenna patterns of three hypothetical 
stations located 100 kilometers apart and the location of the WTS at 
two successively later times. Assuming a propagation speed of I km A  ,
a station at B would observe the effect of the WTS (or WDP) on a riometer 
nearly four minutes prior to the time the same event would be seen if 
the station were situated at either A or C. Thus, the location of a 
station with respect to the surge may account for the differing'propagation 
speeds found between the two pairs of stations used in this study.
Referring to the same diagram, it should be noted that a station located 
at point B will observe a greater magnitude of absorption than a station 
at point A, since the beam pattern at point A is not completely filled.
This assumes, of course, that the surge is uniformly intense and that 
the WDP corresponds spatially with the WTS.
Although the alignment of Fort Yukon, Barrow, and NP-13 within the 
auroral oval in the evening sector is rather fortuitous, it is possible 
to find other such alignments within the existing network of riometer 
stations. For example, the configuration stations defined by Tixie,
Cape Zhelania, and 8esr Island or TromsjS, Reykjavik, and Narssarssuaq 
should be favorable for observing WDP events. Records from these 
stations should be examined for such events.
In several papers Jelly (Jelly, 1968, 1970; Jelly and Brice, 1967) 
has depicted a number of absorption events in the Canadian sector which 
were used to illustrate the poleward motion of absorption during a 
substorm. Examining the alignment of Cape Jones (or Great Whale) and 
Churchill with respect to the auroral oval in the evening and midnight
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Figure (9.1) The ground projection of an intense surge
■ (after Meng, 1965) at three successive
time intervals. The ellipses A,B,C, represent 
’ the ground projections of the Yagi antenna
. patterns at stations located 10 0 km apart.
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sector, it is immediately obvious that the consistent time delay between 
Cape Jones and Churchill noted by Jelly and Brice (1967) can be explained 
by the expansion speed of the WDP as well as by a poleward motion. Figure
9.2 (Jelly, 1970) graphically illustrates a WDP event and demonstrates 
the limited latitudinal extent of these events; maximum absorption is 
recorded at Cape Jones North slightly after appearing in the Great Whale 
River record (note that Great Whale is 155 km east of Cape Jones) while 
it is seen several minutes later only one degree ( 1 0 0  km) farther south. 
The ten minute time delay of onset times at Cape Jones North and Churchill 
implies a propagation speed of 1.5 km/sec. This would also explain the 
approximate 2 minute time delay between onsets at Great Whale and Cape 
Jones North.
The magnetogram from Baker Lake, located on approximately the 
same longitude as Churchill but 5° farther north and poleward of the 
oval, shows no activity at 0600 UT. However, at approximately 0620 UT 
a sharp onset negative bay is observed. This negative bay coincides 
in time with the second absorption maximum observed in the Churchill 
riometer record. At Resolute Bay (84.3°N) a positive increase of the 
X-component is seen, which infers that a WTS occurred at a lower 
latitude.
Further evidence of the WDP events could be gathered from a third 
station located west of Churchill. During the period 05 - 07 UT, a 
station at Yellowknife would be desirable. In conjunction with a 
riometer currently operating at Inuvik, four stations (including Cape 
Jones) would be favorably located with respect to the auroral oval to 
observe WDP events. '
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CHURCHILL A=70.5°
GREAT WHALE RIVER A=67.8e
MOOSONEE A=64.5°
*v '-•ft***'
/ /
VALD'OR A=6I.6°
OTTAWA A=59°
05 0550 06 07
TIME (UT)
25 JANUARY, 1964
08
Fiaure (9.2) This example (frcm Jelly, 1970) is used to 
illustrate a WDP event observed in the 
Canadian data'. Note the progression of 
the onset of the event between Great Whale 
River, Cape Jones and Churchill, all sit­
uated in the auroral oval at 06^ UT.
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9.3 Eastward Motions
Eastward drifting precipitation (hereafter abbreviated EDP) 
occurred during all of the substorms investigated herein. However, 
the exact determination of onset times was made somewhat ambiguous 
because of the less rapid increase of absorption with increasing dis­
tance from the midnight sector. The time at which the rate of increase 
exceeded ^0.2 db/minute was defined as the onset of the EDP event. 
Similarly, the time of absorption maximum was often difficult to define, 
but was normally defined by the first time maximum absorption was 
reached. As will be shown below, EDP was confined in an approximately 
circular zone, coinciding with the auroral oval on the night side of 
the earth and the auroral zone on the day side.
For all but the August 2 substorm, the times of absorption onset 
and maximum were determined for each station as a function of longitude 
from the substorm origin. Except for the November 7 substorm, the 
longitude of the substorm origin was estimated from a knowledge of the 
associated WDP event (the error of such an estimation is at least 5°), 
Plotting absorption onset and maxima time differences against latitude 
and degrees longitude from substorm origin, Figure 9.3 was prepared.
The onset of the EDP event is almost simultaneous with the onset 
of the substorm at longitudes up to 40° east of the substorm origin in 
the latitude range 62° - 58°, but maximum absorption occurs up to 30 
minutes later. From 75° - 90° east of the origin, EDP events appear 
first at latitudes less than 6 6°, then 5 - 2 0  minutes later at both 
higher (>6 8°) and lower (<62°) latitudes (note, however, that there
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Figure (9.3) The time of onset, maximum and magnitude
of EDP events for the substorrns of January 
14, 1965, March 26, 1965, October 9, 1964 
and November 7, 1965 have been denoted in 
this diaaram.
are no data in the range 64° - 67°). Maximum absorption is also delayed
with respect to the onset in this longitude sector. From the longitude
of substorm oriain to 90°, in the 62° - 64° interval, the EDP Co for - ’ ' o
onset) travels at a rate of approximately 9.5 °/minute (^475 km/minute)
and the EDP Cm for maximum) at ^2°/minute. In the 68° - 71° interval m
the EDPq speed is 'v6°/minute and at latitudes less than about 62°,
'v5°/minute. For both these latitude intervals, the EDP speed ism
approximately 2°/minute.
While only one set of measurements falls in the interval 90° -
180° and relates to only one substorm, several sets of measurements
can be found in the 170° - 210° sector. In this sector, there seems
to be a tendency for FPAq to be seen earlier in the 64° - 66° latitude
range, whereas it appeared first in the 62° - 64° interval over the
30° - 90° longitude range. Further evidence for this trend is obtained
by comparing the ratio of EDPq at 66° - 68° to EDPq  at 62° - 64°; in
the 30° - 90° range this ratio is 3, while the same ratio is less
than I in the 170° - 210° sector. Ansari CI965) and Rosen (1969) have
documented the earlier occurrence of absorption in the noon sector
at n,670 than at ^6 3°, For latitudes 63° - 67°, the EDP drift rateo
to the 200° longitude is ,v7°/minute C350 km/min) and the FDP^ drift
is /v2.6°/minute. Between 90° and 200° the EDP drift rate is approx-o
imately 5°/minute, or slightly less than half of the speed derived
for propagati-on to the 90° longitude. Note that the EDPm is slightly
higher than the corresponding value derived to the 90° meridian. At
latitudes less than 64°, the EDP drift speed was 'v5°/minute and theo
EDP drift speed 'v2.6°/minute. m K
w ith perm ission o f the copyright ow ner. F u rth er reproduction prohibited w ithout perm ission .
2 2 6
A number of measurements were available near 240° and two distinct
onset times were evident; approximately 30 and 60 minutes, the latter
value relating to a single substorm and the former to 3 separate substorms.
An average value of the longer time was combined with the other values
to derive an EDP drift rate of 6.2°/minute and EDP drift rate of o m
'v3°/minute for latitudes in the range 62° - 6 6°.
The drift velocity of the EDP event is of the same order of magnitude 
as Akasofu (1968) found for the process of disintegration of arcs from 
the midnight sector to the morning sector; he quotes a range of 3 - 10 
km/sec (180-600 km/minute) for the propagation speed of this region 
of disintegration. Note the distinction between this velocity and 
that of individual patches in the morning sector; patches drift at a 
rate of ^300 meters per second, which corresponds closely to the 
propagation speed of EDPm in the morning sector. Akasofu (1964) 
indicates that the eastward drift motion tends to occur near the equator- 
ward boundary of the auroral oval; this is also consistent with the 
observations of EDP presented here. From these observations, it can 
be concluded that the regions in which EDP events occur and that of 
eastward motion during the auroral substorm are coincident.
It is interesting to note that at latitudes >70°, in the midnight 
dawn sector, events structured similarly to those observed in the evening 
and midnight sectors are seen. These events appear to be associated 
with the maximum in absorption at lower latitudes.
’ It is postulated that these events are associated with the rapidly 
propagating R bands, so called due to their appearance in all-sky 
camera films. These bands are usually of greater intensity than other
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forms appearing in the sky at the same time. A single intense ft band 
may produce a sudden, sharp increase in absorption such as observed in 
this study. Akasofu (1964) observed these bands near the poleward 
boundary of the region of eastward drift motion; in this study the 
associated absorption events were in all cases observed at latitudes 
greater than 69°. There also appears to be an increase in the time 
between onset and maximum absorption as one progresses eastward from, 
the midnight sector; this could be attributed to a decrease in-propagation 
velocity of the ft band. Note also that these events are not observed 
beyond about the 100° meridian and the latest time after a substorm onset 
was approximately 30 minutes. This observation is consistent with the 
duration of the expansive phase of the auroral substorm, during which 
time the ft bands are observed.
9.4 Poleward Motions
During the substorm which commenced at approximately 0955 UT on 
November 7, 1965, 8 riometers were operating within Alaska covering a 
latitude range of 10° and 13° of longitude. The 30 minutes following 
the substorm onset were scaled at I minute intervals; these values are 
displayed in Figure 9.4. The striking feature of this figure is the 
spike-like increase of absorption at Fort Yukon, Allakaket and College.
The magnitude of this spike increases dramatically with latitude, 
reaching more than 9.7 db at Fort Yukon. The secondary maximum, 
reached within 5 minutes of the time of the spike absorption, was 
seen at all stations except Farewell and Anchorage. Peak absorption 
during the secondary maxima was recorded almost simultaneously at 
College and Healy and then at Allakaket, Kotzebue, Fort Yukon and Bar-1.
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Figure (9.4) A detailed representation of the substorm
event of November 7, 1955 at eight Alaskan 
stations.
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Converting these time differences into propagation speeds, a 5 km/sec 
poleward and a 6 km/sec westward (from Col lege) velocity can be derived. 
These speeds are consistent with the growth speeds derived for the 
expansion of the absorbing region.
It is suggested that the structure of the absorption as illustrated 
by the Allakaket and Fort Yukon records is typical of events recorded 
near the midnight meridian. It is postulated here that the spike absorption 
defines the location of the substorm origin in time and space. '
9.5 Equatorward Motions
A purely equatorward motion was not observed; although the expansion 
of the substorm in the midnight sector appears to have a minor equator­
ward component, the other components are predominant. In the morning 
and day sectors, absorption occurs later at lower latitudes, but this 
can be attributed to the slower or differential eastward drift of 
absorption to these latitudes rather than an equatorward or meridional 
rrot i on.
9.6 Anomalous Absorption Occurrences
During two of the substorrns, significant departures from the overall 
pattern of development of the auroral absorption substorm were noted.
On March 26 at Isfjord (74.6°N, II3.9°E) an absorption event of 2 db 
magnitude developed at approximately 0957 UT, some two hours after the 
onset of the substorm in the midnight sector. Isfjord was located within 
the auroral oval at this time as were both Heiss and Chelyuskin. Although 
there was no riometer data available from Heiss, there was no significant 
magnetic variation near lO 1^ UT. Thus, it is considered unlikely that
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the absorption at Isfjord could have been caused by particles which 
migrated westward along the auroral oval from the midnight sector.
On October 9, two absorption events were recorded at Tixie, located 
well equatorward of the auroral oval at 08^ UT. The first event began 
at 0758 UT, coincident with the onset of the substonn in the midnight 
sector. No associated change was evident in the Tixie magnetogram. At 
0807 UT the second event was initially recorded, reaching a maximum at 
0820 UT. This event was coincident with a positive bay i'n the H-component 
at Tixie and also with a WDP event recorded at NP-13 (situated within 
the auroral oval) at 0814 UT. Projecting the WDP event along the oval, 
it reaches the longitude of Tixie in approximately six minutes, or at 
the time of maximum absorption at Tixie, 0820 UT. While such events 
need to be studied in more detail, it is suggested here that they are 
associated with moderate to intense magnetic substorrns (K >4) during 
which a WTS occurs 6° - 7° poleward of the station. Such absorption 
may maximize during the expansive phase of the substorm and occurs ’
preferentially within the auroral zone. It is interesting to note that 
during the March 26 substorm no magnetic activity was observed at 
Tixie (riometer data missing from 0800-0845 UT). However, during this 
storm the magnitude of both the magnetic activity and absorption was 
less than during the October 9 substorm.
9.7 A Model of the Auroral Absorption Substorm
A diagrammatic picture of the auroral absorption substorm development 
is given in Figure 9.5. This idealized picture is similar to that 
derived by Akasofu (1968) (see Figure 6.1) but is based on the analysis 
of the substorm events discussed previously. The onset of the auroral
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Figure (9.5) A model of the pattern of precipitation
during the auroral absorption substorm. 
The shaded areas denote regions of most 
intense precipitation.
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absorption substorm (T = 0) is defined by a sudden increase in absorption 
from a relatively quiet background level; the region in which this 
increase occurs is limited latitudinally, but probably extends over "
15° - 30° of longitude. During the next five minutes (T = 0-5) the 
absorbing region expands rapidly and absorption occurs over 60° of 
longitude and i0 ° - 12° of latitude; in the midnight sector, intense 
absorption is associated with the motion of the poleward advancing 
bulge and the rate of increase of absorption is high. Absorption 
increases at a less rapid rate eastward of the midnight sector.
During the interval T = 5-10 minutes, rapid onset absorption 
events occur west of the midnight sector, along the auroral oval. At 
the same time absorption continues to expand eastward, reaching the 
dawn meridian by T = 10 minutes.
Two pictures have been derived for the interval T = 10-30 minutes; 
the one represents substorms during which the index is greater than 
• 4 and the other represents substorms of lesser magnitude. During this
period absorption is still observed along the auroral oval west of the 
midnight meridian; if the substorm is particularly intense, the absorption 
along the auroral zone is of greater duration while occurring simultaneously 
with absorption in the auroral oval. By T = 30 minutes, absorption has 
propagated to the noon meridian; during the more intense substorms, 
the latitude of maximum absorption moves equatorward and the propagation 
speeds are higher. A non-uniform poleward boundary of the absorbing 
region is depicted because of the association of absorption with the 
propagation of eastward moving fi bands.
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The last diagram of Figure 9.5 represents the propagation of 
absorption during the interval T = 30 minutes - I hour; the region in
which intense (>! db) absorption occurs is now concentrated in the
dawn-noon sector. No structured absorption is seen at this time since
WDP events and £2 band absorption occurs only during the expansive
phase of the auroral substorm. There is some evidence that absorption 
may extend back into the midnight sector, propagating along the auroral 
zone in an easterly direction.
9.7.1 Comparison with statistical auroral absorption zone
Statistical patterns of auroral absorption at high latitude (see 
Figure 9.6) are not entirely consistent with the pattern of absorption 
derived in this study. This is not an unexpected result, considering 
the analogy that can be made with visual auroral studies; the statistical 
measurements of visual aurora defined a circular auroral "zone" at 
approximately L = 5.5. However, the work of Akasofu (1964) and Feldstein 
. (1963) showed that during the course of an individual substorm auroras 
exist within an oval shaped region. It is now recognized that the locus 
of the midnight region, where the brightest auroras occur, traces out 
what was previously defined as the auroral zone. Analogously, the most 
intense absorption occurs near L = 5.5, so that statistical studies 
which measure the percentage of time absorption exceeds a given level 
will yield a circular zone of absorption.
The statistical pattern derived by Driatsky (1966) suggests the 
occurrence of absorption near 80°N at 17^ 6T. He found that "a secondary 
maximum is observed in the vicinity of midnight (00—0 1^). It appears at 
all latitudes and shifts to late evening-hours as we move north."
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Geomagnetic Midnight
c.) Russia
d.) Canada and 
Antarctica
Geomognetic M idnight Geomognetic M idnight
Figure (9.6) Occurrence of auroral absorption in latitude
and time, measured at several longitudes 
(after Hargreaves, 1969).
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Similarly, the pattern of Hargreaves and Cowley (1968) tends to confirm 
the pattern observed in this study. They found a maximum in absorption 
extending from approximately 73°N at I8*1 GT to 64°N at 23^ GT. Discussing 
this feature of their pattern, Hargreaves and Cowley (1968) note that 
"the night events are shorter and more structured than day events so 
that they tend to be emphasized by the event technique and suppressed 
by methods based on a percentage of time." Additionally, they assumed 
a gaussian shape to the auroral absorption zone in deriving their pattern.
In this study, it has been shown that in the sector in which several
h hstatistical studies yield a minimum in absorption frequency (17 -19 GT), 
strong absorption occurs at high latitude (72° - 74°N). Those patterns 
which do not show this feature can be explained by: (I) lack of observing 
stations at high latitude (Hook); (2) the method of deriving the 
pattern (Holt et al., Hartz). It should be noted that with the exception 
of the evening sector, the results of this study agree with the patterns 
shown in Figure 9.6(a) and 9.6(b).
9.8 Magnetospheric Models
Through the use of magnetospheric models, it has become feasible 
to study a number-of physical processes that occur within the magneto­
sphere and thereby to predict the results of such processes and to
compare the results with experimental measurements. Roederer (1969) 
discusses six physical processes of this type: .
(1) trapped particle motion;
(2 ) particle flux mapping in the outer magnetosphere;
(3) trapped-particle time variations;
(4) plasma convection and DC electric field;
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(5) high-latitude conjuga+e-point phenomena;
■ (6 ) low-energy cosmic ray propagation.
In this study we wiil be concerned with the drift period of electrons
- trapped by the magnetic field.
Roederer (1969) succinctly describes the need for magnetospheric
models: "the broad purpose of a magnetospheric model is to provide a
• mathematical description of the field (analytical or numerical) that is
reasonably accurate within a given limited spatial and temporal domain
and that can bo used to study in a quantitative way any physical process
influenced or governed by this field."
Two models are frequently referenced in the literature: the Mead-
Wili iams model (Mead, 1964; Williams and Mead, 1965) and the Taylor-Hones
model (Hones, 1963; Taylor and Hones, 1965; Taylor, 1966). The former
is often referred to as a 'physical' model in that parameters of the
model represent physical sources of the field, while the latter model is
described as a 'mathematical' model since it is based on an image-dipole
representation of the field, and variable parameters do not represent
physical sources.
The Roederer computer program (Roederer, private communication) is
a Fortran language program based on the Mead-WiI Iiams model of the
magnetosphere. According to Roederer (1967), the "model considers two
sources, in addition to the internal dipole; currents in the magnetopause
and currents in the tail of. the magnetosphere. Four adjustable parameters
determine the field in Mead's model: (I) the distance R from the centers
of the earth to the magnetopause, in the solar direction; (2) and (3),
the distances R and R, from the center of the earth to the close and n f
>
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far limit, respectively, of the neutral sheet in the anti-solar direction; 
and (4) the field intensity near the neutral sheet. Most of the typical 
Variations of the geomagnetic field can be simulated by appropriate 
variations of these parameters.” According to Roederer (1970) typical 
quiet time values are: R = 10 R , R = 10 R , B, = 15 gammas, R, =
S 6 n 8 T  T
200 R . To obtain the results discussed in the followino sections, the
values R = 8 R , R = 8.67 R , B, = 30 gammas, R, = 200 R were used in s e ’ n e' t 3 * f e
the program. This choice of parameters simulates the initial phase of 
a magnetic storm.
9.8.1 The mathematical formulation
Roederer (1970) outlines the basic operations which comprise the 
computer shell tracing code in the absence of external forces:
(a) magnetic field determination;
(b) field line tracing; •
(c) determination of the integrals
s ’ s'm m .
I = / [I - B(s)/B ] ds, S = / ds/[l - B(s)/B j 'J m b '  m
s sm m
(d) iteration to find the mirror point of a particle with parameters
I, B , and; .' rcr ’
(e) determination of the bounce-average drift velocity. The latter 
operation is the most pertiment here since drift times are to be calculated.
The expression used to determine the drift velocity is given by
2 .mv v I
• <V > = — c— 5~ x eo q S. B o b o
where Bq  is the field strength and and I are defined above. Roederer
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curvature drift velocity and can be expressed in vector form as
V = Zmv^/2a3^J (I + cos^a ) v I x e eg - • s s o  o
where a i s  the particle pitch angle and eQ is a unit vector in the 
direction of the magnetic field.
9.8.2 Computation of trapped electron drift period and angular velocity
The original computer program (obtained from Roederer) was structured 
such that a drift period was derived from the summation o'f drift times 
to 10 longitudes between the midnight and noon meridians. The program 
was modified (see Appendix C) to derive drift times to 12 equatorial 
longitudes and to calculate the angular drift velocity to each longitude. 
At each of the 12 longitudes the intersection with the Earth of the field 
line which passed through that point was calculated. This information 
was used to plot the trajectories of the particles on a polar grid in 
invariant coordinates.
The calculations of drift period and angular drift velocity were 
made for electrons with equatorial pitch angles of 78°, 6 6 °, 53°, 36°,
15°, 10°, and 6 °. Several observations regarding the computational 
results are in order: (I) the drift rate at L = 4 is nearly symmetric 
with respect to the dawn meridian; (2) progressing outward from L = 4, 
the drift rate becomes increasingly more asymmetric with respect to the 
dawn meridian; (3) the shortest drift period is observed for particles 
injected in the midnight meridian at about L = 7, and (4) at L < 4, 
electrons with pitch angles of 6 ° or less are on open field lines in 
this mode!.
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The drift rate of absorption onsets was derived from Figure 9.2 
Csee section 9.3) and plotted at five minute intervals on a polar grid 
(see Figure 9.7). It is concluded from this diagram that the drift rate 
is greatest within the range 64° - 67° invariant latitude. The computations 
of trapped particle motion will be used to show that the gradient and 
curvature drift of such particles is not inconsistent with the observed 
motion of precipitation events in the auroral regions.
The drift patterns shown in Figures 9.8a to 9.8d were derived 
assuming the injection of a test particle.at the midnight meridian (0 °) 
at L values of 4, 5, 6 , 7 and 8 at time T = 0, simulating a line source.
The location of this particle at five minute intervals was calculated 
using the angular drift velocity and contours of 'equal drift velocity' 
were drawn. As the largest drift rate of precipitation events was observed 
at about L = 5, it was assumed that the energy of the precipitated 
electrons was a function of L, peaking near L = 5. A four point spectrum 
having a sharp cut-off at the high energy end, near those energies 
whose drift period corresponded most closely with the observed drift 
times of absorption onset, was assumed. A continuous pattern of contours 
of equal drift velocity can be derived by combining Figures 9.8a through 
9.8d; this would account for the dispersion in the precipitation events 
observed eastward of the midnight meridian. It can therefore be concluded 
that an accelerating mechanism which drifts in the equatorial plane at 
the same rate as electrons undergoing gradient and curvature drift, can 
produce a pattern of precipitation such as observed by the synoptic study 
of auroral absorption.
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The conclusion drawn here is in agreement .with the results of 
Rosen (1959) (or Rosen and Winckler, 1970), who postulated a dribbling 
cloud model of electron precipitation. However, it was shown here that 
production region could be a line source in the midnight meridian whereas 
Rosen postulated a widespread production region, extending between the 
midnight and the 04“ meridian.
There is possibly an infinite combination of parameters such as 
pitch angle, energy, latitude or shape of injection source which could 
be made to account for the observations discussed here. No attempt was 
made to find more than one such combination as the.purpose of this 
section was to show that the gradient and curvature drift can indeed 
account for the observations. Furthermore, the details pertaining to 
a precipitation mechanism have not been considered here; it has been 
tacitly assumed that such a mechanism could be found.
9.9 Summary and Conclusions
From a synoptic study of five substorrns during the IQSY, it has 
been shown that auroral absorption expands away from a source region, 
which is located near the midnight sector, in both the eastward and 
westward directions. This result is consistent with previous studies 
of the longitudinal movement of absorption; however, a larger expansion 
rate than documented previously was found. Three factors distinguished 
the westward motion from the eastward motion: (I) occurrence at higher 
latitude; (2) lower drift rate, and; (3) no dispersion of the absorption 
with longitude. It was demonstrated that the westward expansion of the 
absorbing regi.on occurs preferentially along the auroral oval; there was, 
however, some evidence to suggest that at the same time absorption may
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drift westward along the auroral zone at possibly a higher rate. During 
the three substorms in which the westward motion along the oval was 
documented, drift rates varying from 48 km/min to 225 km/min were 
derived. These velocities are not inconsistent with the speed of the
WTS observed by Akasofu et al. (1965).
For motion observed in the eastward direction, a drift rate for 
both the event onset and maximum was derived. It was shown that there 
was a differential drift rate, being greatest near L = 5.5 and smaller 
at both higher and lower latitudes. It was also found that the drift 
rate showed an asymmetry around the dawn meridian, being greater C'v9°/min 
or ^425 km/min) in the midnight-dawn sector than in the dawn-noon 
sector (n>5°/min. or n,240 km/min.). The drift rate in the midnight-dawn 
sector is consistent with the rate quoted by Akasofu (1968) for the 
propagation of the region in which the disintegration of arcs into 
patches occurs. Similarly, the drift rate of the absorption maximum 
is consistent with the drift rate of auroral patches in the morning 
sector ('u2°/min or ^95 km/min ). It was found that the eastward drift
occurs at a nearly constant latitude, near that of the auroral zone
maximum, which coincides with the auroral oval in the midnight-dawn 
sector and with the auroral zone in the dawn-dusk sector, it was 
shown that small events, in both magnitude and duration, occur near the 
poleward boundary of the region in which absorption occurs (X - 70°). 
These events seemed to move at the same rate as did the absorption 
maxima; they are assumed to be associated with the eastward propagating 
ft bands identified by Akasofu (1964) from all-sky camera data.
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The contour analysis suggests that there are two maxima in the 
longitudinal distribution of auroral absorption; one in the midnight 
sector, where the precipitation first occurs, and a second near the 
noon meridian. The noon maximum, although of greater duration, was 
observed to be of lesser intensity than the midnight maximum; however, 
this result may be biased due to the proximity of the midnight meridian 
to the Alaskan sector where an anomalously high frequency of occurrence 
and magnitude of absorption has been reported, relative to other 
longitudes (Waite, 1965; Rapoport, 1970). The results of the contour 
analysis also suggest that the secondary maxima often observed in the 
midnight sector approximately 2 hours after the onset of the substorm 
can be attributed to the electrons injected at the time of substorm 
onset. It is suggested that the energetic particles responsible for 
this precipitation are brought back into the midnight sector by the 
effect of gradient and curvature drift in the equatorial plane.
From a comparison of the observed drift rate of the precipitation 
events with the theoretical angular drift velocities of trapped electrons 
between the midnight and noon meridians, it was concluded that the 
observed precipitation drift rate could be accounted for by the gradient 
and curvature drift of trapped electrons with energies greater than 
about 25 kev. This implies that the precipitation mechanism moves with 
the same angular velocity as do the trapped electrons. •
The nature of the absorption events observed to the west of the 
substorm origin (along the auroral oval) implies that proton drift is 
not sufficient to explain this precipitation; instead, the assumption
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of a hydromagne+ic mechanism or the application of an electric field 
are considered more likely explanations.
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In the following tabulation, the values DB(2), DB(3) and DBC4) 
represent the attenuation necessary in each pair of rows of the 6 x 8  
array (beginning with rows 3 and 6) to produce the sidelobe level given 
in Column I. The resistance values RRIC2), RR3(2), etc., are the values 
of resistance which comprise symmetrica I-pi attenuators for the given 
value of attenuation. • '
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The Tables of invariant latitude and longitude derived by Evans 
et al (1969) were found to be exceedingly cumbersome, if not impossible, 
to utilize with any degree of ease. The algorithm described in this 
Appendix resulted from an effort to use these Tables as the basis for 
the calculation of invariant coordinates.
The algorithm does an interpolation onto the geographic coordinates 
of the point in question, deriving the invariant coordinates from a 
first order estimate of the geomagnetic coordinates. The input parameters 
(A,AA), (B,BB), (C,CC) and (D,DD) are the geographic latitude and long­
itude of the points in the tabulation within which the point (X,XX)
(whose invariant coordinates are to be derived) falls. The parameters 
SX and SY are the bounding values of latitude and longitude which 
pass through the points C, D and AA,DD, respectively. The quantities 
(XM,ML) are first order estimates of the invariant coordinates, for 
example the centered dipole coordinates of the point in question.
The number of interpolations and the degree of accuracy are arbitrary 
parameters left to the user.
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LINKAGE F01TCR H I G H E S T SEVERITY AS 0 6(S>// EXEC & U ) O U D HI7-1(1) a m t t )
15 . 100 0.028 162.236 6. 771 1.362
16 .108 0.803 156.220 5. 160 1.376
17 .117 0. 0 5 0 150.813 5.529 1.607
lfl .125 1 .025 165.888 5.016 1.66?
v 10 .136 1 .001 161.621 6.290 1.67720 .163 1 . 158 137.366 6.685 1.51621 .161 1 .226 133.608 7.07? 1.562
72 .160 1.201 1 30.176 7.658 1.590
23 . 160 1 . 357 127.005 7.866 1.6 50
24 • 1 78 1 .623 126.076 8*220 1.670
25 .187 1 .680 12! .359 8.612 I . 7 1 I
• ?6 .106 1 .66 6 1 1>*.M41 8.003 1.75)
21 .205 1.61ft I 16.600 9.371 1 . 706
?H .216 1 . 6 H 3 116.310 0. 7 6 6 1.8 39
? 9 .223 1 . 766 112.260 10.1 IB 1 .88 3
30 .231 I .HOP 1 1C.363 10.686 1.027
31 .260 1 .H7C 1 C M .5 75 10.850 1.07?
32 .260 I .0 32 n>..p<n 11.21? >.018
33 .268 1 .002 105. n o 11 .56/ 2.061
34 .266 2.05? i \. H ?« I 1 .020 2. M O
35 .275 ? . 1 1 C 1C?.636 12.266 2. 156
36 .28 3 2.168 1CI • M l 12.7.00 2.203
37 .202 2.225 00 .057 12.060 2.751
3fl . 300 2.281 08.685 13.280 2.208
30 • 300 2.3 36 97.571 13.608 2, 565
—  60 .31 7 2. 39C 06.516 13.030 2.30?
61 .325 2.662 05.519 16.267, 2.6 60
62 .133 2.606 06.57? 16.566 2*687
63 .360 2.565 93.676 16.860 2.53666 . 368 2.506 02.810 16.161 2.5 8?
65 . 356 2.66 6 9 2 . CIO I 5.696 2.6? 0
66 .363 2.607 01.235 15.766 2.6 766 7 .371 2.7 30 9 0.609 16.027 2.7226H .370 2 .705 8 0.780 16.300 2.769
60 . 306 2.837 8 9 . ClH 16 .626 2.823
50 .303 2.H79 88.607 16.880 2.86 7
/£
1A 601 C U U  RW r r  RN PV. PR PM
IA591 181 I o n 0 0 0
CStCT B O A S L O G 0 0 6 F E 8 0 0 6 F E 8
ENTRY Al.tlGlO 0 0 6 F F 0
E NTRY AlOG 00 700A
CSECT B D A F I O C S 0 0 7 0 F Q 0 0 7 O F 0
ENTRY R O H O R G * 0 0 7 7 1 0
ENTRY B U F O R G = 0 0 770C
E NTRY FtOCS= 0 0 70F8
* ENTRY F I O C O = 0 0 ,132
♦ ENTRY V O I O C S = 0 0 7714
4
CSECT BO A U O P T 007738 0 0 7 7 3 8
ENTRY U S E R U P T 0 0 7738
CSECT B O A U N I T B 0 0 7 7 4 0 0 0 7 7 4 0
ENTRY U N 1 T A B = 0 0 7 7 4 0
CSECT B O A S E X P 0 0 7 7C8 0 0 7 7 C 0
ENTRY EXP 0 0 7 7 C C
0 & C 3 ) W \ ( W i t m c s ) f c W 1 fX‘i > m  w )
2.55 3 03 .566 l«.906 1.032 0.271 2 8 3 . 2 8 9 1.558
2.750 00 .180 16.103 1. 153 1.235 137.070 7. 131
2.068 87.176 17.61', 1.282 2. 158 101.333 12.551
3. 179 86.661 18.709 1.420 3.046 86 .127 17.898
3.300 82.017 2 0 .016 1.567 3.901 7 7 .045 2 3.210
3 • 60 3 70.805 21.360 1.723 4. 72 4 7 0 . 9 9 9 28.557
5.016 77.705 22.679 1 .888 5.520 6 6 . 7 0 8 33.9556.020 75.066 24.033 2.062 6.288 63 . 5 3 5 39.439
6.262 76.206 2!).399 2.247 7.031 6 1 . 1 1 8 45.037
6.656 72.77C 26.777 2.440 7.749 59 . 2 3 6 5 0 . 7 6 66.666 71.369 2 0 .167 2.645 9.447 5 7 .743 5 6 . 6 5 96 .875 70.066 29.563 2.858 9.121 56 .547 62.701
5.006 6 8 .007 30.965 3.081 9.775 5 5 . 5 7 6 68.918
’5.291 6 7.820 32.377 3.315 10.409 5 4 . 7 7 8 75.029
5.696 6 6 .819 33.791 3.558 11.024 54. 119 81.923
5 . 69ft 65 .897 35.206 3.810 11.619 53.571 88.690
5.800 6 6 . 0 6 3 36.626 4.073 12.198 53.111 9 5 . 6  786.00/ 66.251 38.050 4.345 1 ?. 760 5 2 . 7 2 2 1 0 2 .3706.20? 63.520 39.570 4.626 13.304 52 .394 U C . 2',9
A .AM4, £..■> . M m 4 r,. p a 7 4.91.9 13.836 5 2 ,112 1 1 7 . H L '6.6/6 62.211 42.311 5.216 14.347 5 1 . 8 7 3 125.611
6.861 6 1 .623 43.731 5.52 5 14.847 5 1 . 6 6 6 133.603
7.066 6 1 .073 45.157 5.845 15.335 5 1 . 4 8 6 141.642
7.227* 60 .567 46.561 6.169 15.804 51. 332 150.16?
7 . 60 3 60.006 4 7 .965 6.501 16.260 5 1 . 1 9 7 156.687
7.577 5 0 .653 49.362 6.842 16.703 5 1 . 0 8 0 167.339
7.76 7 59.261 5C .749 7. 188 17. t 3 3 50 .977 176.231
7.916 58.857 5 2 .129 7.542 1 7 .550 50 .887 185.235
0.077 58.698 5 3.494 7.900 1 7 .953 50 .808 194.345
8 .233 5 8 .160 5 4..160 8.268 18.34 8 50 . 7 3 7 2 0 3 . 6 6 78. 305 5 7 .865 56 .205 6.638 18.728 50 .675 213.0^.7
8.560 5 7 .560 57 .547 9.015 19.099 5 0 . 6 1 9 2 2 2 . 5 9 9
8.600 57 .270 58.874 9 . 3 9 6 19.459 5 0 . 5 7 0 2 3 2 .2398.868 5 7 .006 6 0 .208 9.737 19.813 5 0 .525 2 4 2 . 1 1 6
0.016 56.723 61 .715 10.238 2 0 .205 50 .479 2 5 3 .5180. 169 5 6 .502 6 2 . 9 5 7 10.618 20.521 5 0 .445 263.091
<t>
e
2 6 0
The Roederer version of the Mead-WiI Iiams computer code had to be 
modified to a limited extent to obtain electron drift times and velocit 
as a function of longitude and energy. The subroutines in which these 
modifications were made are contained in this appendix. Subroutine 
DTIME is part of the original program; subroutine BERK is a subroutine 
added by the author. .
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The compilation of data graphs contained in this Appendix comprises 
an atlas of events for the winter of 1956-1967. For the sake of contin­
uity and completeness, some of the events described in Chapter 4 are re­
produced again' here. It is hoped that the reproduction of the entire 
set of observations will prove to be useful to other investigators who 
gathered data during that period.
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